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Abstract 
High dose titanium implantation into both p-type and n-type silicon was per-
formed using a metal vapor vacuum arc ( M E V V A ) ion source under various 
conditions. Rapid thermal annealing was performed for samples at various 
temperatures and time intervals. Both the as-implanted and annealed samples 
were characterized by temperature variation of sheet resistance, x-ray diffrac-
tion (XRD), Rutherford backscattering spectroscopy (RBS) and cross-sectional 
transmission electron microscopy (XTEM). 
For the as-implanted samples, the implanted layer consisted of a mixture of 
metallic granules of titanium silicides, and the host semiconductor, silicon. It 
was found that, if the implant dose reaches 3 x 10^^ ions/cm^, the samples show a 
nearly temperature-independent sheet resistance in the temperature range from 
20 K to 400 K. The sample with a dose of 4 x 10^^ ions/cm^ implanted at a 
beam current of 3 m A seems to have the least temperature dependence among 
the samples. A higher implant beam current results in a self-annealing effect 
leading to a phase change of titanium mono-silicide granules to C49-TiSi2 and 
C54-TiSi2. 
After annealing, a buried continuous metallic titanium silicide layer is formed, 
iv 
for those samples showing a nearly temperature-independent sheet resistance as-
implanted, at an annealing temperature of 750。C. A complete transformation to 
C54-TiSi2 can be achieved at 850。C. The effect of implant dose, implant beam 
current, annealing temperature and annealing time on the formation and prop-
erties of these layers were studied. The optimum condition for the synthesis of 
a buried layer of C54-TiSi2 has been found to be: a dose of 4 x 10^^ ions/cm^ 
with an implant beam current of 1 m A and annealing at 850°C for 60 seconds. 
Under these conditions, a buried C54-TiSi2 layer of 80 n m thick was formed 
under a surface silicon layer of 20 nm. The resistivity of the buried TiSi2 layer 



































1 Introduction 1 
1.1 Metal Silicides 1 
1.2 Titanium Silicide 8 
1.3 Goal Of This Project 10 
2 Sample Preparation And Experimental Methods 12 
2.1 M E V V A Implantation 12 
2.2 Sample Preparation 15 
2.2.1 Implantation Condition 15 
2.2.2 Thermal Treatment 19 
2.3 Characterization Methods 20 
2.3.1 Sheet Resistivity Measurement 22 
2.3.2 X-Ray Diffraction (XRD) 25 
2.3.3 Rutherford Backscattering Spectroscopy (RBS) 28 
2.3.4 Transmission Electron Microscopy (TEM) 31 
3 Characterization of As-implanted Samples 36 
3.1 Introduction 36 
viii 
3.2 Dose Dependence Of As-implanted Samples 37 
3.2.1 Sheet Resistance Measurement 37 
3.2.2 X-Ray Diffraction (XRD) 40 
3.2.3 Rutherford Backscattering Spectroscopy (RBS) 40 
3.3 Implant Beam Current Dependence Of As-implanted Samples . 43 
3.3.1 Sheet Resistance Measurement 43 
3.3.2 X-Ray Diffraction (XRD) 44 
3.3.3 Rutherford Backscattering Spectroscopy (RBS) 46 
3.4 Transmission Electron Microscopy (TEM) 48 
3.5 Summary 52 
4 Characterization of Annealed Samples 57 
4.1 Introduction 57 
4.2 Dose Dependence Of Annealed Samples 58 
4.2.1 Sheet Resistance Measurements 58 
4.2.2 X-Ray Diffraction (XRD) 61 
4.2.3 Rutherford Backscattering Spectroscopy (RBS) 63 
4.3 Implant Beam Current Dependence Of Annealed Samples • • . . 66 
4.3.1 Sheet Resistance Measurement 66 
4.3.2 X-Ray Diffraction (XRD) 68 
4.3.3 Rutherford Backscattering Spectroscopy (RBS) 70 
4.4 Annealing Temperature Dependence Of Annealed Samples . . . 71 
4.4.1 Sheet Resistance Measurement 71 
4.4.2 X-Ray Diffraction (XRD) 73 
4.4.3 Rutherford Backscattering Spectroscopy (RBS) 75 
ix 
4.5 Annealing Time Dependence Of Annealed Samples 78 
4.5.1 Sheet Resistance Measurement 78 
4.5.2 X-Ray Diffraction (XRD) 79 
4.5.3 Rutherford Backscattering Spectroscopy (RBS) 81 
4.6 Transmission Electron Microscopy (TEM) 82 
4.7 Summary 84 
5 Conclusion 87 
5.1 Main Results Of This Work 87 
5.2 Suggestions To Future Works 89 
Bibliography 卯 
XV 
List of Tables 
1.1 Resistivities of some transition-metal silicides at room temperature. 3 
1.2 Melting points of some transition-metal silicides 3 
1.3 Chemical reactivity of some metal silicides 4 
1.4 Resistvities of different kinds of titanium silicides 8 
2.1 Fractions of the different charge states for titanium implantation 
by a M E V V A source 16 
2.2 Summary of M E V V A implantation conditions 16 
2.3 M E V V A implantation conditions for every sample 18 
2.4 Rapid Thermal Annealing conditions 20 
2.5 Cross-sectional T E M sample preparation procedures 32 
3.1 A summary on the titanium silicide peaks observed in the X R D 
spectra of the as-implanted samples 46 
3.2 Summary of sheet resistants of as-implanted samples 53 
3.3 Summary of variation in sheet resistance of as-implanted samples. 55 
4.1 X R D peaks observed in samples of different doses after annealing 
at 850°C for 60 seconds 63 
xi 
4.2 A summary of X R D results of different implant beam current 
samples after annealing at 850。C for 60 seconds 68 
4.3 A summary of the X R D results of different annealing temperature 
samples with a dose of 4 x 10^^ ions/cm^ implanted at a beam 
current of 1 m A 75 
4.4 A summary of X R D results of samples of a dose of 4 x 10^^ 
ions/cm2 and an implant beam current of 1 m A after annealing 
at 850°C for various time intervals 79 
xii 
List of Figures 
1.1 Schematic of polycide process sequence 5 
1.2 Schematic of salicide process sequence 6 
1.3 Schematic represtations of the C49 and C54 TiSi2 crystal structures. 9 
2.1 Schematic of the vacuum system of the M E V V A implantation 
system 13 
2.2 Schematic of the ion source of M E V V A 14 
2.3 Titanium distribution simulated by T R I M for M E V V A implan-
tation with an extraction voltage of 60 kV to a dose of 3 x 10^^ 
ions/cm2 17 
2.4 Substrate temperature dependence on implant beam current. . . 17 
2.5 Temperature profile for different set temperatures at 650°, 750° 
850° and 1000°C. The set time intervals are as indicated 21 
2.6 Temperature profile for a set temperature of 850°C for 20s, 40s， 
60s and 80s 21 
2.7 Sheet resistivity measurement by using van der Pauw method. • 23 
2.8 Schematic of the resistivity measuring system. . • . 24 
2.9 Diffraction of x-rays by a crystal 26 
2.10 The x-ray diffractometer 27 
xiii 
2.11 T w o particle scattering diagram 29 
2.12 Energy lost components for a projectile that scatters from depth t. 30 
2.13 Schematic diagram of face-to-face and face-to-back cross-section 
sample stack bounded by epoxy 33 
2.14 Schematic of first face polishing 33 
2.15 Schematic of second face polishing 34 
3.1 Temperature dependence ofsheet resistance oflow dose p-substrate 
as-implanted samples 37 
3.2 Temperature dependence of sheet resistance of low dose n-substrate 
as-implanted samples 38 
3.3 Temperature dependence of sheet resistance ofhigh dose p-substrate 
as-implanted samples 39 
3.4 Temperature dependence of sheet resistance of high dose n-substrate 
as-implanted samples 39 
3.5 X R D spectra for different dose with 1 m A beam current as-
implanted samples 41 
3.6 R B S spectra for different dose with 1 m A beam current as-implanted 
sample 42 
3.7 Temperature dependence of sheet resistance for as-implanted sam-
ples prepared using different implant beam current on p-substrates. 43 
3.8 Temperature dependence of sheet resistance for as-implanted sam-
ples prepared using different implant beam current on n-substrates. 44 
3.9 X R D spectra for as-implanted samples prepared using different 
beam currents at the same dose of 4 x 10^^ ions/cm^ 45 
xiv 
3.10 R B S spectra of the as-implanted samples prepared using different 
beam currents at a dose of 4 x 10^^ ions/cm^ 47 
3.11 X T E M micrograph of the as-implanted sample of dose of 4 x 10^^ 
ions/cm2 with 5 m A implant beam current 48 
3.12 Same as Fig. 3.11 but with a higher magnification 49 
3.13 H R X T E M of the as-implanted sample of dose of 4 x 10^^ ions/cm^ 
with 5 m A implant beam current 50 
3.14 Diffraction pattern of Fig. 3.13 51 
3.15 Dose dependence of fitted slopes of as-implanted samples (a) first 
linear region, (b) second linear region 54 
3.16 Implant beam current dependence of fitted slopes of as-implanted 
samples (a) first linear region, (b) second linear region 54 
4.1 Temperature dependence of sheet resistance for the n-substrate 
samples with an implant dose of 2 x 10^^ ions/cm^, after annealing 
at 850°C for 60 seconds 59 
4.2 Temperature dependence of sheet resistance for samples of n-
substrate or p-substrate with indicated implant doses after an-
nealing at 850。C for 60 seconds 60 
4.3 X R D spectra of different dose samples implanted at a beam cur-
rent of 1 m A after annealing at 850°C for 60 seconds 62 
4.4 R B S spectra of different dose samples with 1 m A implant beam 
current annealed at 850°C for 60 seconds 64 
4.5 Titanium atom distributions of the annealed samples from fitting 
by R U M P program 65 
XV 
4.6 Temperature dependence of sheet resistance of samples prepared 
at different beam currents with a dose of 4 x 10^^ ions/cm^ after 
annealing at 850。C for 60 seconds 67 
4.7 X R D spectra of different beam current samples with a dose of 
4 X lQi7 ions/cm2 after annealing at 850°C for 60 seconds. . . • 69 
4.8 R B S spectra of different beam current samples with a dose of 
4 X lQi7 ions/cm2 after annealing at 850°C for 60 seconds. . . . 71 
4.9 Temperature dependence of sheet resistance of samples of a dose 
of 4 X lC)i7 ions/cm2 implanted at a beam current of 1 m A after 
annealing at different temperature 72 
4.10 X R D spectra of samples of a dose of 4 x 10^^ ions/cm^ implanted 
at a beam current of 1 m A after annealing at various temperatures. 74 
4.11 R B S spectra of samples of different annealing temperatures with 
a dose of 4 x 10^^ ions/cm^ and an implant beam current 1 m A . 76 
4.12 Temperature dependence of sheet resistances of samples of of a 
dose of 4 X lC)i7 ions/cm^ implanted at a beam current of 1 m A 
after annealing at 850。C for different time intervals 78 
4.13 X R D spectra of samples of time of a dose of 4 x 10^^ ions/cm^ 
and an implant beam current of 1 m A after annealing at 850°C 
for various time intervals 80 
4.14 R B S spectra of samples of a dose of 4 x 10^^ ions/cm^ and an 
implant beam current of 1 m A after annealing at 850°C for various 
time intervals 81 
xvi 
4.15 Low resolution X T E M micrograph of the sample with a dose of 
4 X lC)i7 ions/cm2 and an implant beam current of 1 m A after 
annealing at 850°C for 60 seconds 82 
4.16 Higher resolution X T E M micrograph of the sample with a dose 
of 4 X lQi7 ions/cm2 ^ d an implant beam current of 1 m A after 




1.1 Metal Silicides 
The study of metal silicides has attracted a great deal of interest as a topic 
of fundamental research as well as for its applications in industry [1]. The 
potential uses of silicides are in many fields such as aerospace, automobile, es-
pecially in microelectronics. Metal silicides have been widely used as ohmic 
contacts, Schottky barriers, gate electrodes and interconnections in microelec-
tronic devices [2, 3, 4]. With the progress of very large scale integrated (VLSI) 
technology, the sizes of devices are scaled down, and the feature line width is 
getting narrower. The resistance of conductors fabricated from polycrystalline 
silicon would become too high for effective use. A material with lower resistivity 
and good contact with silicon is required. Metal silicides seem to be suitable 
candidates for contacts and interconnections in VLSI due to their metallic re-
sistivity property with a typeical value at room temperature between 15 and 
150/xQ-cm, and their high-temperature stability and oxidation resistance which 
1 
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are required in the circuit fabrication processes. There are many applications 
of metal silicides in microelectronics, such as, silicided gates, silicided shallow 
junctions, local connections, metal base transistors and ermeable base transis-
tors, etc. The electrical and optical properties of transition-metal silicides have 
been widely studied [5], especially on the epitaxial growth of silicides on silicon 
'6]. In particular, two kind of metal silicides, C0Si2 and NiSi2 have been studied 
in details [7 . 
Most silicides show metallic behaviour. These include TiSi2, TaSi2, M0Si2, 
WSi2, VSi2, C0Si2, NiSi2 and PdSi2 etc. Some are semiconductors which include 
FeSi2, CrSi2, MnSi2 and IrSi2. According to Matthiessen's rule [8], the metallic 
resistivity can be described by: 
p ( T ) = p , + p , ( T ) (1 .1 ) 
where pi(T) is the temperature-dependent intrinsic resistivity due to phonon-
scattering processes in the solid, and pr is the temperature-independent residual 
resistivity and is caused by impurity, defect, and other scattering processes. The 
phonon-scattering related resistivity can be estimated by the Bloch-Gruneisen 
formula [9], 
P i { T ) ^ ^ | y ^ x ' C e { x ) d x (1.2) 
where 6n is the Debye temperature, p is dp/dT at high temperature, and 
Ce{x) — [a;/2sinh(a;/2)]2 is the Einstein function for the specific heat. Table 
1.1 shows the resistivity of some transition-metal silicides at room temperature 
4’ 10, 11, 12:. 
Most transition-metal silicides have high melting points between 1000 and 
2000°C, table 1.2 shows the melting points of some silicides [1’ 4. 
2 
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type of silicide resistivity (/xO-cm) 
C54-TiSi2 一 12 - 25 一  
CoSi2 一 18 - 25 一  
MoSi2 20 — 100 
TaSi2 一 10 - 50 一  
Tetragonal WSi2 50 - 120 _ 
Table 1.1: Resistivities of some transition-metal silicides at room temperature. 
silicide melting point (。C) 
C54-TiSi2 1540 
C0Si2 _ 1326 
M0Si2 - 1980 
TaSi2 〜 2 2 0 0 
Tetragonal WSi2 2165 
FeSi2 — 〜1212 
CrSi2 1550 
Table 1.2: Melting points of some transition-metal silicides. 
3 
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Another nice property of transition-metal silicides is their chemical resistance 
characteristic. Most silicides are insoluble in many common acids, and only 
soluble in HF-containing solutions. Table 1.3 summarizes the chemical reactivity 
of some metal silicides [1 . 
type of silicide insoluble in soluble in — 
TiSi2 Aqueous alkali, all mineral acids~~ HF- containing solutions 
except HF, aqua regia, or 
H2SO4 + H2O2 mixture  
C0Si2 Nitric, sulfuric, or phosphoric acids; HF-containing solutions; 
H2SO4 + H2O2 mixture boiling conc. HC1; 
conc. aqueous alkali 
M0Si2 Aqueous alkali, aqua regia H F + HNO3 
mineral acids  
WSi2 Mineral acids, aqua regia H F + HNO3  
NiSi2 Nitric, sulfuric, or phosphoric acids; HF-containing solutions  
H2SO4 + H2O2 mixture  
Table 1.3: Chemical reactivity of some metal silicides. 
Two types of silicide processes are currently used in the semiconductor indus-
try: "polycide" and "salicide". The polycide process is a method of patterning 
the silicide on the polysilicon gate electrode, and the salicide process is a method 
of self-aligning a silicide layer to all exposed silicon regions. The sequence of 
steps used in a typical polycide process is shown in Fig. 1.1 [4]. In the polycide 
process, the silicide is deposited on the polysilicon gate at the stoichiometric 
composition of the desired silicide phase before it is patterned. When the gate 
is etched, the polycide "gate stack" is formed. Often an insulator material is 
included as the top layer of the stack for integration purposes. Annealing at a 
relatively high temperature is required to convert the amorphous silicide film to 
4 
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Insulating cap \^ ^^ ^^  Amorphous siUcidc 
„, .,. , \ | | _/(highi?,) 
PolysUicon gate >^ ^^ ^ ZZZZ , 
(a) > ^ d i a 
P Gate oxide / 
Heat 
T / CrystaUine siUcide 
SidewaUspacer ^ ^ ~ J | > ^ (low/?,) 





- = ^ V ^ y ^ ^ - 4 ^ 
Figure 1.1: Schematic of polycide process sequence. 
a lower-resistance polycrystalline phase. Once the sidewall spacers are formed, 
a salicide process is sometimes used to form silicide contacts to the source and 
drain regions. A schematic of the salicide process sequence is shown in Fig. 1.2 
'4]. For the salicide process, the polycrystalline silicon gate is patterned and 
the sidewall spacers are formed prior to metal deposition. A metal layer is then 
deposited and reacted with the exposed silicon regions (gate and source/drain) 
to form the silicide. The silicide does not form over the isolation regions. A 
selective etch is used to "self-align" the silicide and remove the reaction prod-
ucts that are not desired. Often additional annealing is required to lower the 
resistivity of the silicide contacts. 
Although initially the range of possible choices for such applications may 
appear to be broad, once materials properties and integration issues such as 
thermal stability, self-alignment, and etch selectivity are taken into account, the 
5 
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. Polysilicon gate 
Sidewallspacer \ ^ j ^ ^ | ~ " ^ ¾ ,MetaI 
� = ^ ~ ^ � � \ ^ " ^ ^ ¾ 
• ;^~^^^ /^ V n+—>~^  
Gate oxide Z Heat 
…,.. MetaVmctai nitride 
SdKade - ^ ^ .^ / 
f、 M K Silicide  
' ' ^ ^ P ^ ^ 
Selective etching + heat 
Silicide -...,^ _ j^  
『 t M Silicide 
^ ^ ^ = ¾ ^ ^ ^ 
Figure 1.2: Schematic of salicide process sequence. 
field of potential candidates becomes significantly reduced. The two choices that 
have been given the most serious attention to date are C0Si2 and TiSi2. Since 
the resistivity is nearly the same for both, process integration considerations 
determine which is to be used. Titanium disilicide is the most commonly used 
silicide for salicide applications because of a combined set of characteristics in-
cluding low resistivity, ability to be self-aligned, and relatively good thermal 
stability. 
Some of the methods to form silicides are given in the following. 
1. Codeposition of metal and silicon either from two independent targets or 
from a hot-pressed alloy followed by sintering. 
2. Thermal reaction of metal with silicon. 
3. Formation of buried layers by ion implantation of metal (mesotaxy). 
6 
Chapter 1 Introduction 
4. Other methods including ion beam-induced mixing, chemical vapor de-
position (CVD), molecular beam epitaxy (MBE) or solid phase epitaxy 
(SPE). 
The first two are the most commonly used techniques. Codeposition relies on 
the (simultaneous) co-deposition of metal and silicon atoms and is frequently 
achieved by co-sputtering. This method is used for polycide. The second method 
relies on the reaction between an elemental metal film and the underlying silicon, 
that is, the diffusion coupler reaction, and is employed for the salicide technology. 
The third one, first developed in the mid 80's, has attracted much interest for 
their potential applications in microelectronics. The fourth category includes a 
few less popular methods. 
Since White et al. introduced the ion beam synthesis method to form buried 
C0Si2 layer in 1987 [13], direct implantation of metal into silicon or poly-silicon 
has been widely studied in an attempt to improve the control of the silicide 
formation process and to provide a larger grained, smoother silicide film that is 
more thermally stable than those formed by other methods. The technique, in 
general, consists of two steps. First, the metal is implanted into silicon substrate 
at an elevated temperature with a very high dose, typically in the range of 10^^ 
ions/cm^, depending on the implantation energy, and second, the implanted 
samples are annealed in furnace at a high temperature for a long time or by 
a rapid thermal annealing (RTA) to homogenize the metal and silicon to form 
the silicide. The characterization and applications of epitaxial silicides prepared 
by using ion beam synthesis, such as C0Si2 and NiSi2 have been widely studied 
14. 
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type of titanium silicide resistivity (/iQ-cm) 
TiSi — 63士6 — 
Ti5Si3 55 士 4 
C49-TiSi2 50 — 70 
C54-TiSi2 �1 5 
Table 1.4: Resistvities of different kinds of titanium silicides. 
1.2 Titanium Silicide 
Among the transitional-metal silicides, titanium silicide is the most widely used 
one even it is not epitaxial with silicon like C0Si2 and NiSi2. Titanium disilicide 
has been used in self aligned C M O S [3], C M O S D R A M [15], shallow-junction 
diodes [16] and for contacts and interconnects [17]. Also, titanium silicide has 
been used to form Schottky barriers [18] and TiSi2/p+n structures [19, 20 . 
There are a number of kinds of titanium silicides. Their resistivities are 
shown in table 1.4 [21]. The C49 titanium disilicide has a base-centered or-
thorhombic structure with lattice constants, a = 3.62A, b = 13.76A and c = 
3.60A while C54 titanium disilicide is face-centered orthorhombic with lattice 
constants, a = 8.2SA, b 二 4.78人 and c = 8.54A. Both structures exhibit simi-
lar atomic arrangements in planes with a hexagonal array of Si atoms with Ti 
atoms in the center. The different crystal structures, shown in Fig.1.3, result 
from different stacking arrangements [22 . 
As stated above, the resistivities of the C49-TiSi2 phase and the C54 phase 
differ by a factor of 4. For this reason, the phase transformation is very impor-
tant. Therefore, most studies of titanium silicide are focused on the formation of 
8 
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C49 C54 
— \ c x ; ^ _""^^^X^ 
rr^ 0 "• \ \ • ~"0 ~ S \ 
一 X ^ l ^ l _ _ H i ^ 一 \ ； •、 
-A^""^^X3i;^ - C ^ l X ^ 
^ ^ “ � • \ 
te 一 \ 參 0 X 
Tiatom • ^ It：^~"0 0 • 
X “ Lav«rA \ o • 。\ 
Sla_ 0 a、 \ _ _ < > _ ^ > ^ 
Figure 1.3: Schematic represtations of the C49 and C54 TiSi2 crystal structures. 
C54-TiSi2 [23], and the phase transformation from C49-TiSi2 to C54-TiSi2 [24 -
27]. W h e n titanium and silicon are brought into contact and heated, Ti5Si3 is 
the first nucleated phase followed by Ti5Si4, TiSi, and C49-TiSi2 phase formed, 
further anneal is required to obtain the low-resistivity C54-TiSi2 phase [21, 22 
'26]-[30]. Beyers and Sinclair [31] were the first to show that upon annealing a 
Ti/Si structure, the first crystalline disilicide phase to form is C49 at approxi-
mately 550-700°C followed by C54 at approximately 700-800°C. R T A permits 
processing at higher termperatures for short durations. However, even extreme 
ramp rates obtained in laboratory settings have not made it possible to bypass 
the C49 phase [32]. The activation energy required to convert a thin film of C49-
TiSi2 to C54-TiSi2 is 4 - 8eV [24] [26]-[29], depending on processing conditions, 
substrate, and type of dopant. In practice, doping, reduced linewidth, and film 
thickness combine to dramatically changes the annealing conditions of formation 
of C54-TiSi2. The measured activation energy for the C49 to C54 phase trans-
formation on lightly doped (100) single-crystal silicon using a salicide process is 
about 5.7eV [33]. This high activation energy requires that high-temperature 
9 
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annealing be used to completely convert the C49 phase into C54-TiSi2. 
The properties of titanium silicides have been widely studied for different 
preparation methods. For most of the studies, titanium silicide is prepared by 
deposition [34，35] and C V D [36] as well as RTA, the kinetic oftitanium silicide in 
sub-micron lines has also been studied [37, 38]. The characterization techniques 
include electrical [39, 40，41], RBS, X R D [42], Raman spectroscopy [43，44], 
T E M [45], atomic force microscopy (AFM) and scanning tunnelling microscopy 
(STM) [46]. However, there are only a few reports on the preparation oftitanium 
silicide thin films by the implantation method [47, 48, 49 • 
1.3 Goal Of This Project 
The goal of this project is to prepare C54-TiSi2 by implantation of titanium ions 
into silicon using a metal vapor vaccum arc ( M E V V A ) ion source followed by 
rapid thermal annealing, and to study the sturctures and properties of both the 
as-implanted and annealed samples of various preparation conditions, namely, 
the implant dose, implant beam current, annealing temperature and anneal-
ing time. The properties of the samples are studied by various characteriza-
tion techniques including temperature variable resistivity measurement, X-ray 
diffraction (XRD), Rutherford backscattering spectrometry (RBS), and cross-
sectional transmission electron microscopy (XTEM). 
In the next chapter, the details of the sample preparation conditions and the 
methods of characterization will be presented. In chapter 3, the results for the 
as-implanted samples will be given and discussed, and those for the annealed 
samples will be given in chapter 4. Conclusions and suggestions for future work 
10 
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will be given in chapter 5. 
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Sample Preparation And 
Experimental Methods 
2.1 MEVVA Implantation 
Ion implantation is the process that atoms of metal or gas are ionized and 
then accelerated by an electric field and implanted into a solid. The range and 
distribution of the implanted atoms depend on the ion energy, the masses of the 
ion and target atoms. In general, an ion implantation system consists of three 
main components, namely, ion source, acceleration unit and target unit. The 
implanter for this work uses a metal vapor vacuum arc (MEVVA) ion source. 
To form a buried compound layer of the implanted ions and the target atoms 
requires high dose ion implantation. For conventional implanter, this requires a 
very long implantation time due to the low beam current, especially for metal 
ions. A new kind of ion source, namely, the metal vapor vacuum arc (MEVVA) 
12 
Chapter 2 Sample Preparation And Experimental Methods 
ion source, was first developed by Brown et al. in Lawrence Berkeley Labora-
tory in 1985 [50], and has been developed by the laboratory [51]-[61], and also 
other institutes until recently [62]-[67]. The M E V V A source can provide board 
and uniform ion beam with high beam current and is suitable for high dose 
implantation. 
The M E V V A ion source used in this work was produced by The Institute of 
Low Energy Nuclear Physics, Beijing Normal University, Beijing, China [62, 68 • 
The schematic of the vacuum system is shown in Fig. 2.1. The vacuum system 
consists of a molecular pump with a rate of 5001/s and a mechanical pump. Be-
fore performing implantation, the chamber is pumped by the mechanical pump 
followed by the molecular pump when the pressure in the vacuum chamber 
reaches 2 — 3 Pa. W h e n the vacuum level reaches 2 — 4 x 10"^ Pa, the implan-
tation is ready to be performed. 
r771 p^C3-H.V^ C^UUM 
r " ^ l " " ^ u ^ _ n ^ -
H h I ~H 
SUB. J 
1 j"i,j-i^r^ ~L^'"'-~T. 
X L r ^ r 
v 3 ^ o J : f J -
J L " O r = ^ 广 ^ n ^ H*^  叫 T f = ^ r?, RDUGH 
P ^ > 圓 _ 
Jm car-
Figure 2.1: Schematic of the vacuum system of the M E V V A implantation sys-
tem. 
The schematic of the M E V V A ion source is shown in Fig. 2.2. The cathode 
is made of the intended material for implantation in the shape of a short rod 
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with about 1 cm diameter. A small motor drive is used to push the rod forward 
when the front part of the material is consumed during implantation. Hence a 
stable ion beam can be maintained for a long time. 
j Arc [ ,~~ extractor ~> .^ 
“.w j Anode <^<i^ "^*"""""^  
Catho<je r V ^   ~~1 ..'' '-,.11 . , 
• 、、 ::: : 
上 向 I V ^ 
Arc 1~" + j 
L-AAAiV^  
Suppressor 
丄 ~ j ‘ 
— SxJractof ‘ 
Figure 2.2: Schematic of the ion source of M E V V A . 
During the implantation, a high voltage pulse, about 5 - 10 kV, is applied 
between the cathode and the trigger. The pulse width is fixed at 1.2 ms and 
the pulse rate is in the range of 1 - 25 Hz which can be varied according to 
the desired implantation current. Because of this high trigger voltage, on the 
cathode surface, the cathode material is vaporized and ionized. The cathode 
spots form a dense plasma. This quasi-neutral plasma plumes away from the 
cathode and this allows the arc current to flow between cathode and anode. A 
central hole located at the anode allows a portion of the metal vapor arc plasma 
to plume through the hole and into the field-free region beyond. The positive 
ions within the plasma are then accelerated by the electric field produced by 
the applied voltage to the Extractor, of which the voltage used was 60 kV in 
this work. The ions produced are multiply ionized. The charge state fractions 
are different for different elements [51, 54，56, 57, 60, 61, 63, 66]. A suppressor 
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voltage, about —3 kV relative to the target, is used to absorb the secondary ions 
reflected from the target. 
2.2 Sample Preparation 
2.2.1 Implantation Condition 
The targets used in the work included p(100) and n(100) silicon wafers with 
resistivity values of 9 — 12Q-cm and 15 - 251^-cm, respectively. The thicknesses 
of the wafers are 460 — 490yLim. Before implantation, the wafers were cleaned 
using standard cleaning procedure as follows. The wafers were put into hydrogen 
fluoride solution (HF:H2〇=1 ： 50, volume ratio) and shocked in an ultra-
sonic water bath for about ten minutes to remove native silicon oxide and other 
contaminations on the wafer surface. After that, the wafers were cleaned by 
de-ionized water for a few times to remove the hydrogen fluoride solution, then 
dried by dry nitrogen gas and immediately fixed on the target holders and put 
into the target chamber of the M E V V A system. 
For titanium implantation into silicon, a titanium rod with purity greater 
than 99.7% was used as the cathode material. The accelerating voltage was set 
to 60 kV. Implantation was performed to doses of 1.5 x 10^^, 2 x 10^^, 3 x 10^^ 
and 4 x 10^^ ions/cm^. The beam current was set to 1 m A for all doses to 
study the dose effect. To study the beam current effect, implantation was also 
performed using two additional beam currents of 3 m A and 5 m A with the dose 
fixed at 4 x 10^^ ions/cm^, The implantation beam is supposed to be uniformed 
within a circle of 5 cm in radius. Therefore, the beam currents of 1 m A , 3 m A 
and 5 m A are equivalent to current densities of 12.7/xA cm_2, 38.2/iA cm_2 and 
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63.7/iA cm—2, respectively. 
There are three charge states, 1+, 2+ and 3+ with corresponding parti-
cle fraction of 6%, 82% and 12%, respectively, for the titanium ions in the 
by M E V V A source [48, 49, 57, 63]. Therefore, M E V V A implantation with an 
extraction voltage of 60 kV is equivalent to a multi-energy implantation with 
energies of 60 keV, 120 keV and 180 keV performed simultaneously. The frac-
tion of the different charge states are summarized in table 2.1, and the total 
implantation dose is the sum of these three kinds of ions. 
Ion Energy Particle fraction Charge fraction 
Ti+ 60 k e ^ 6% 2.9% 
"TP"^ 120 keV - 82% 79.6% 
^ + 180 keV 12% 17.5% 
Table 2.1: Fractions of the different charge states for titanium implantation by 
a M E V V A source. 
By using T R I M [69, 70, 71], the ion distribution for each of the charge states 
of the titanium ions has been simulated. The results are shown in Fig. 2.3 with 
a corresponding total dose of 3 x 10^^ ions/cm^. 
~^arget (substrate) Silicon p(lQO) or n(100) — 
Accelerating voltage 60 kV  
Dose (ions/cm” — 1.5 x 10^^ 2 x 10^^ 3 x lQi?, 4 x lQ^^~ 
Beam current 1 m A , 3 m A , 5 m A 
Table 2.2: Summary of M E V V A implantation conditions. 
The implantation conditions are summarized in table 2.2 and table 2.3. It 
is found that the beam current is not always stable due to the consumption of 
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X 10^^ Ion Distribution simulated by TRLVI for titanium implanted into silicon  
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Figure 2.3: Titanium distribution simulated by T R I M for M E V V A implantation 
with an extraction voltage of 60 kV to a dose of 3 x 10^^ ions/cm^. 
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Figure 2.4: Substrate temperature dependence on implant beam current. 
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Sample no. Substrate Dose (ions/cm” Beam current 
Pl P(100) 2 X lQi7 1 m A 
P2 P(100) 3 X 10i7 1 — 1.5mA 
P3 P(100) 4 X 10i7 1.5mA 
P4 P(100) 2 X lQi7 1mA 
P5 P(100) 3 X lQi7 1 - 1.5mA 
P6 P(100) 4 X lQi7 1.5mA 
P7 P(100) 1.5 X lQi7 1mA 
P8 P(100) 4 X lQi7 2.8 — 3 m A 
P9 P(100) 4 X lQi7 5 m A 
Nl N(100) 2 X lQi7 1.2mA 
N2 N(100) 3xlQi7 1.2mA 
N3 N(100) 4 X lQi7 1.2mA 
N4 N(100) 2 X lQi7 1.2mA 
N5 N(100) 3 X lQi7 1.2mA 
N6 N(100) 4 X lQi7 1.2mA 
N7 N(100) 1.5 X lQi7 1mA 
N8 N(100) 4 X 10i7 3mA 
N9 N(lQQ) 4 X lQi7 5 m A 
Table 2.3: M E V V A implantation conditions for every sample. 
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the cathode material, the trigger voltage and frequency stability, the vacuum 
condition and other factors. Adjustments were made during the implantation to 
the trigger voltage and frequency to make the beam current more stable. During 
the implantation, the substrate temperature increases from room temperature 
and reaches a stable temperature after about ten to twenty minutes. However, 
since the thermocouple was attached to the sample holder and not directly to 
the wafer surface, and also because of the uncertainty in the thermal contact 
conditions, the measured temperature values should only be considered as a 
relative indicator of the actual substrate temperature. However, it is generally 
observed that the substrate temperature increases with the implantation current. 
The apparent substrate temperature dependence on implantation beam current 
is shown in Fig. 2.4. The beam current shown is the maximum beam current and 
the substrate temperature is also the maximum temperature recorded during the 
implantation. 
2.2.2 Thermal Treatment 
After ion implantation, rapid thermal annealing (RTA) was performed at various 
temperature for various time intervals. It was reported that titanium silicide will 
change phase from C49-TiSi2 to C54-TiSi2 at a temperature of about 700°C for 
a few tens of seconds [18, 19, 21]. In this work, to study the annealing effect, 
R T A had been performed at 650。C，750。C and 850。C had been performed for 
60s, or at 1000。for 30s，or at 850。C, for various time, from 20s to 80s. The 
annealing conditions are summarized in table 2.4. 
Argon gas was filled into the chamber at a rate of 3//min for half a minute 
before the anneal was performed and the same flow rate was kept during the 
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Temperature Time 







Table 2.4: Rapid Thermal Annealing conditions. 
annealing till the temperature dropped down to about 100°C after the R T A 
was shut down. The repeatability of R T A is quite good. The temperature can 
it reach the desired set temperature from room temperature within 5 seconds, 
and then the temperature is kept at the desired temperature with a variation 
smaller than a few degrees until the desired time is reached. After that, the R T A 
will shut down, and the temperature decreases exponentially with time towards 
room temperature. The temperature variation during the annealing process is 
recorded by a K-type thermal couple, and is read and stored by a personal 
computer through an IEEE-488 interface card. The temperature profiles for a 
few set temperatures of 650°C, 750°C, 850°C with a set interval of 60s and that 
for a set temperature of 1000°C for 30s are shown in Fig. 2.5. Similar profiles 
for a set temperature of 850°C with different set time are shown in Fig. 2.6. 
2.3 Characterization Methods 
The characterization of both the as-implanted and annealed samples was per-
formed by various methods, namely, sheet resistivity, x-ray diffraction (XRD), 
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Figure 2.5: Temperature profile for different set temperatures at 650°, 750° 850。 
and 1000°C. The set time intervals are as indicated. 
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Figure 2.6: Temperature profile for a set temperature of 850°C for 20s, 40s，60s 
and 80s. 
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Rutherford backscattering spectroscopy (RBS) and transmission electron mi-
croscopy (TEM), to study the structure and properties of samples prepared 
under various conditions. The characterization methods will be described in the 
following sections. 
2.3.1 Sheet Resistivity Measurement 
The sheet resistivity was measured using the van der Pauw method [72]. One 
of the convenient features of this technique is that no dimension needed to be 
measured for the calculation of the sheet resistivity. The validity of the van der 
Pauw method requires that the sample is flat, homogeneous and isotropic, is a 
singly connected domain and has line electrodes on the periphery, projecting to 
point contacts on the surface, or true point contacts on the surface. 
The sample was cleaved in the shape of a square of about 1 cm a side. 
The four corners are connected to probes with an indium/tin alloy metal in 
between to make good ohmic contacts. The geometry and the sequence of the 
measurement are schematically shown in Fig. 2.7. A constant current I, usually 
10 m A in this work, flows from contacts 2 to 1，and a voltage V is measured 
between contacts 3 and 4. The current is reversed, the voltage is measured 
again. Other permutations can be obtained by rotating the current source and 
the voltage measurement. 
Let Rij,ki 三 Vki/Iij 5 where the current enters contact i and leaves contact j 
and Vki — Vk — Vj, is the voltage of the contact k with reference to j, the sheet 
resistivity ps can then be calculated as follows[73]: 
7T 
Ps = ^^|^(|^2,34| + |^l,34| + |^3,4l| + |^2,4l|)/ (2.1) 
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Figure 2.7: Sheet resistivity measurement by using van der Pauw method. 
where f is the geometry factor which is equal to 1 for symmetric samples and 
can be determined from a transcendental equation: 
Q-l f ,-i [1 /ln2x1 
@ = iiTTOsh [ s e x p ( 7 ) j (2.2) 
where Q is the symmetry factor and defined as: 
Q =丑12，34 + 丑21，34 (2.3) 
023,41 + 032,41 
It is not easy to find the analytical solution of equation (2.2). However, for 
cases when the asymmetry is not too large {Q < 10), f can be approximated as 
follows [74]: 
f = 1 - 0.34657A - 0.09236^2 (2.4) 
where 
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Figure 2.8: Schematic of the resistivity measuring system. 
The schematic of the resistivity measuring system in our laboratory is shown 
in Fig. 2.8. A switch box connecting the 4-point probe, the current source 
and the voltmeter is used for changing the probe position of the current source 
and the voltmeter. An Advantest TR6143 D C voltage/current source is used 
to provide a constant current source, usually 10 m A in this work. An H P 
34401A digital multi-meter is used to measure the voltage. The sheet resistivity 
can be measured from 20K up to 400K. The temperature is controlled by a 
CTI cryostat with a LakeShore 330 auto-tuning temperature controller. For 
temperatures from 20K to room temperature (300K), helium gas is filled in the 
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chamber for cooling, and for temperatures from 300K to 400K, the sample is in 
vacuum at a pressure of the order of 0.1 mBar. At each set temperature, we 
waited for at least five minutes to ensure that the measurement was performed at 
a stable temperature. The switch box, current source, digital multi-meter and 
the temperature controller are all controlled by a personal computer through 
an IEEE 488 interface card. For every measurement, at least five data were 
taken and the average was used. The standard derivation was usually below one 
percent. 
2.3.2 X-Ray Diffraction (XRD) 
X-Ray Diffraction (XRD) is a standard, non-destructive, microscopic charac-
terization technique. The basic principle of X R D can be briefly explained as 
follows. An x-ray beam is an electromagnetic wave characterized by an electric 
field whose strength varies sinusoidally with time. The oscillating electric field 
of x-ray will set an electron it encounters into oscillatory motion about its mean 
position. The electron then emits an electromagnetic wave, this electron is said 
to scatter x-ray, therefore, the scattered beam is simply the beam radiated by 
the electron under the action of the incident x-ray beam. For an atom, the scat-
tering beam is the vector sum of the scattered beams of its electrons. Generally, 
the x-ray is scattered in all directions by an electron as well as an atom. 
For an x-ray scattered by a crystal, consider a beam of a perfectly parallel, 
perfectly monochromatic x-ray of wavelength A is incident on a crystal which is 
arranged on a set of parallel plans A, B, C, D” ..，at an angle 9, where 9 is 
measured between the incident beam and the normal of the crystal parallel plans. 
In some certain angle 0, the scattered beams are in phase and so constructive 
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Figure 2.9: Diffraction of x-rays by a crystal. 
interference occurred in this direction, such that makes an angle G of reflection 
equals to the angle 0 of incident and only those diffracted beams have been 
shown in Fig. 2.9. 
As it can be seen in Fig. 2.9, the rays l' and la' are always in phase since 
f 
there is not path difference between the two rays. However, for the rays 1 and 
2'，the path difference is, 
ML + LN = d! sin 0 + d' sin 0 (2.6) 
To have constructive interference, the path difference must be equal to a whole 
number n of wavelengths, that is, 
nX = 2d' sin 6 (2.7) 
This is known as the Bragg Law, and the angle 6 satisfying equation (2.7) is 
called the Bragg angle, and n is the order of diffraction. If rays l' and 2' differ 
in one wavelength, then rays l' and 3' differ in two wavelengths, rays l' and 
4' differ in three wavelengths, etc. If the wavelength of the incident beam is 
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known, by detecting the angle 6 at which constructive interference occurs, the 
spacing between the adjacent plans in the crystal can be found. This distance 
can be calculated. For orthorhombic structure as in C49-TiSi2 and C54-TiSi2, 
the value of d maybe found from, 
1 = — + - + - (2.8) 
d? a2 十 62 卞 c2 V ) 
where a, b and c are the lattice constants and h, k and 1 are the Miller index of 
the planes. Combining equation (2.7) and equation (2.8) and taking first order, 
n = 1, then 
4 sin^  6 h^ e f ,。m 
- v T - = 1 + 7^ + 飞 (2.9) 
A2 0? h^ c^ 
For the angle 0 satisfying equation (2.9), constructive interference occurs. From 
the X R D spectra, we can therefore determine whether C49-TiSi2 or C54-TiSi2 
has been formed. 
’ �( | ^ ) 
Figure 2.10: The x-ray diffractometer. 
In this work, a Siemens D5005 x-ray diffractometer is used, and the standard 
0 — 26 configuration is used as shown in Fig. 2.10. The sample to be measured 
is placed at C with the surface at 0, the center. The source T is fixed and the 
sample is rotated about 0, that is, the angle Q is varied. The detector D is 
moved in synchronization with the sample such that makes an angle 29 with the 
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incident beam. The incident beam is copper Ka radiation ray. Its wavelength 
is 1.54056A. In an actural measurment, the procedure will repeat for a number 
of times to reduce the background noise. The detail principles, methods of X R D 
can be found in some books [75 . 
2.3.3 Rutherford Backscattering Spectroscopy (RBS) 
Rutherford backscattering spectroscopy (RBS) is a well developed, sophisticated 
and non-destructive characterization method. The basic principle of R B S can 
briefly be explained by using classical scattering theory, which has the following 
assumptions: 
1. two-atom collisions only are considered. 
2. classical dynamics is applied 
3. excitation or ionization of electrons only enters as a source of energy loss, 
but does not influence the collision dynamics. 
4. one of the two colliding atoms is initially at rest. 
The energy transfers and kinematic in elastic collisions between two particles 
can be solved by applying the principles of conservation of energy and momen-
tum. Suppose an incident particle of mass M i with velocity ^ ^ and energy Eo 
{Eo = ^Mivl) collies with a target particle of mass M2 which is at rest. After the 
collision, the projectile and target particles have velocities Vi and v2 and energies 
El and E2 respectively with scattering angle 6 and 4> as shown in Fig. 2.11. 
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Figure 2.11: Two particle scattering diagram. 
By applying the principles of conservation of energy and conservation of 
momentum parallel and perpendicular to the direction of incidence, the following 
equations come out. 
Eo = lM,vl = ^Mivl + \M2vl (2.10) 
MiVo = MiVi cos 6 + M2V2 cos (|) (2.11) 
0 二 MiVi sinO-M2V2 sin0 (2.12) 
By eliminating ¢) and V2 in equations (2.10), (2.11) and (2.12), we have, 
VI Ml ., \f Ml V , , M2-M1]' 
— = — — c o s 6 ± — — cos 6 4- — — (2.13j 
”o M 1 + M 2 _VMi + M2/ M l + M2J 
For M l < M2, the plus sign holds, then we have, 
色 — r (M| - Ml sin' 6)告 + M l cos 6>1 ‘ 
百0 = |_ M1 + M2 J ( . ) 
The energy ratio, called kinematic factor, K = Ei/Eo, shows that the energy 
of the particle after scattering is determined only by the masses of the particle 
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and target atoms and the scattering angle, with known scattering angle, the 
target mass can be found by detecting the energy of scattered particle. In 
practice, when a target contains two types of atoms that differ in their masses 
by a small amount A M 2 , the geometry should be adjusted to produce as large 
a change A E i as possible in the measured energy Ei after collision with fixed 
M l and Eo. This occurs when 0 = 180。，thus this is the preferred location for 
detector, but because of the detector size, ^ = 170° in practice. 
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^^ ^^ _^ _^^ ^^ __^ _^ _^ >^  ENERGY LOSS： 
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Figure 2.12: Energy lost components for a projectile that scatters from depth t. 
When consider the target atoms as a whole, only a small portion of inci-
dent particles scatters with the target atoms on the surface, for other incident 
particles, they penetrate the target solid, loss energy through excitation and 
ionization in inelastic collisions with atoms electrons and the scatter with the 
target atoms inside the target solid, then go back to the surface and space, there 
is also energy loss on the outward path. Fig. 2.12 shows the sequence of energy 
lost components for a projectile that scatters from depth t. The sequence is: 
energy lost via electronic stopping on inward path, AEin; energy lost in the 
elastic scattering process, AEg； and energy lost to electronic stopping on the 
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outward path, AEout, then Ei 二 E。- AEin - AEs — AEout-
Therefore, by knowing the positions of the peaks on the energy spectrum of 
the scattered particles, the atomic masses of the target material can be found, 
and the by corresponding yields, the relative atomic ratio of different types of 
atoms can be calculated, also, by the width of the peak, the thicknesses of the 
layers can also by calculate, usually, computer programs, such as R U M P [76], 
will be used to fit the spectrum. The values of kinematic factors, energy loss 
coefficients, cross-sessions for different target materials and other R B S parame-
ters can be found in the handbook [77]. The detail principles and other analysis 
techniques, such as Channeling, Elastic Recoil Detection (ERD), Proton Induced 
X-ray Emission (PIXE) and Nuclear Reaction Analysis (NRA), can be found in 
some literature [78, 79, 80 . 
In this work, He^+ ions with energy of 2MeV have been used as the incident 
particle, the incident beam is normal to the surface of the sample and the de-
tector angle, 0, is equal to 170°. For every package of samples, two standard 
sample, gold on silicon and silicon oxide on silicon, have been measured before 
the samples which are used to calibrate the energy axis. 
2.3.4 Transmission Electron Microscopy (TEM) 
Some samples have been studied using transmission electron microscopy (TEM). 
In this work, cross-sectional samples were studied by a Philips CM20 electron 
microscope with an accelerating voltage of 200 kV. The principles, designs and 
operations of electron microscopy can be found in a reference book [81]. Before 
using the microscope, samples have to be prepared by the following procedures 
as shown in table 2.5. 
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4 first face polishing 
5 mounting 
6 second face polishing 
7 ion milling 
Table 2.5: Cross-sectional T E M sample preparation procedures. 
1. Cleaving 
The samples, about 500yLon thick, are cut into pieces of size about 1.5 x 3 
m m 2 by using a diamond wafering blade saw. 
2. Cleaning 
The cut samples were cleaned by using acetone to remove grease, loose 
particles and cracks, then the samples were dried by filter paper. 
3. Epoxying 
Four pieces of cleaned sample are stacked together with face to face at 
the center and face to back at two sides by using M610 epoxy, as shown 
in Fig. 2.13. Pressures were applied to both sides to make the samples 
assembly as a block. The sample block was heated on a hot plate at a 
temperature of 150°C for about 30 minutes to harden the epoxy. 
4. First face polishing 
A cross-sectional face of the sample block was attached to the mount of a 
polish holder by using white wax while the other face was to be polished. 
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Figure 2.13: Schematic diagram of face-to-face and face-to-back cross-section 
sample stack bounded by epoxy. 
The schematic is shown in Fig. 2.14. Silicon carbide polish paper with 
large grain size (about 20/xm) was first used and followed by paper with 
smaller grain size, and finally the surface was polished by 1/im diamond 
polish paper until the surface was as shiny as a mirror. During the polish-
ing, water was fed to the polish to flow away the polished particles. The 
polished surface was dried by a filter paper. 
^ polish mount 
^^ ^^ >^^ ^^ p^ v^ ^^ l^^ ^^ _^^ ^^  ——white wax 
•* sample block 
k j A ^ 1., 
I p poiisn paper 
Figure 2.14: Schematic of first face polishing. 
5. Mounting 
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A copper disc, 3 m m in diameter with a hole of 1.2 m m in diameter at the 
center, was bound to the dried polished face using the M610 epoxy with 
the face to face boundary laid on the diameter of the disc. The assembly 
sample block and the disc were again heated at 150。C for about 30 minutes 
to harden the epoxy as before. 
6. Second face polishing 
The other surface is going to be polished, the copper disc was attached to 
the mount of the polish holder by white wax, and the other side is to be 
polished as shown in Fig. 2.15. The procedure is the same as in the first 
face polishing except the sample block was polished by the large grain size 
silicon carbide polish paper until the thickness of the sample block, d, in 
Fig. 2.15, reaches about tens of /xm, and then again using paper of smaller 
grain size and finally l^m diameter polish paper. The thickness of the 
sample was about 20yum such that light can pass through it. 
«* polish mount 
\ / ‘^ ^ white wax 
1 “——copper disc 
d <4 sample block 
^^ ^^ ""^ "^ "~^  p* polish paper 
Figure 2.15: Schematic of second face polishing. 
7. Ion milling 
Two argon ion guns were used in ion milling. The ions were accelerated 
at potential of 6 - 7 kV with a beam current of 0.1 — 0.3/iA for each 
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gun. The tilt angle of milling is about 10°. The sample holder can rotate 
horizontally. The ion milling is usually performed at a vacuum level of 
1 X 10—4 Torr. The argon ion beams are aimed at the center of the disc, 
that is, the face to face boundary. Ion milling usually takes several hours 
until a small hole is developed on the face to face boundary, the region 
near the edge of the hole can be used for T E M study. 
Details of T E M sample preparation techniques and methods can be found in 






The characterization of as-implanted samples have been studied and will be 
discussed in relation to the preparation conditions, that is, the implant dose and 
the implant beam current. The doses used were 1.5 x 10^^ ions/cm^, 2 x 10^^ 
ions/cm2, 3 x 10^^ ions/cm^ and 4 x 10^^ ions/cm^ at a beam current of 1 m A for 
the study of the dose effect. To study the beam current effect, the dose was kept 
at 4 X lQi7 ions/cm2, and samples were also prepared using beam currents, of 3 
m A and 5 m A . The details of the implantation conditions have been described 
in section 2.2.1. 
The characterization of the samples were performed by sheet resistance, 
X R D , and R B S measurements. The microstructures of some selected sample 
were studied by T E M . Except for the sheet resistance measurements, similar 
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results were obtained for both p-substrate and n-substrate samples. Therefore, 
only the results of p-substrate samples will be presented for X R D , R B S measure-
ments. The details of the characterization methods have been given in section 
2.3. 
3.2 Dose Dependence Of As-implanted Sam-
ples 
3.2.1 Sheet Resistance Measurement 
7 P-substrate 1 m A as-implanted 
10 1 1 1 ^ 1 n 
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Figure 3.1: Temperature dependence of sheet resistance of low dose p-substrate 
as-implanted samples. 
The sheet resistances of the as-implanted samples of different dose have been 
measured. The results of the sheet resistance measurements for the lower dose 
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Figure 3.2: Temperature dependence of sheet resistance of low dose n-substrate 
as-implanted samples. 
samples, 1.5 x 10^^ ions/cm^ and 2 x 10^^ ions/cm^, prepared at a beam current 
of 1 m A using p-substrates and n-substrates, in temperature range from 300 
K down to 20 K are shown in Fig. 3.1 and Fig. 3.2, respectively. Note that 
in the figures the y-axis is in log scale, the sheet resistivities of these samples 
exhibit values of a few hundred Q/D at room temperature (300 K), and increase 
with decreasing of temperature to values up up to the order of lO^H/n at a 
temperature of 20 K. 
The sheet resistances of the higher dose samples, 3 x 10^^ ions/cm^ and 4 x 
lQi7 ions/cm^, prepared the same implant current of 1 m A have been measured 
from 20 K up to 400 K. The results of both p-substrate and n-substrate samples, 
are shown in Fig. 3.3 and Fig. 3.4, respectively. 
For these samples of higher dose, the sheet measured resistivity values are 
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Figure 3.3: Temperature dependence of sheet resistance of high dose p-substrate 
as-implanted samples. 
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Figure 3.4: Temperature dependence of sheet resistance of high dose n-substrate 
as-implanted samples. 
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significantly lower than those of the lower dose samples. It is also noticed that the 
sheet resistances of these samples show very different temperature dependence 
from those of the lower dose samples. The sheet resistances have nearly constant 
values of about tens of Q/D in the temperature range from 20 K up to about 
290 K, and then have a drop for the next few tens of temperature, and start 
another linear region up to 400 K. In the latter linear region, the sheet resistances 
increase with increasing of temperature. But the temperature coefficient remains 
low, i.e. in this region is also nearly constant. The resistances in the two linear 
regions have been fitted with straight lines and this property will be discussed 
in section 3.5. 
3.2.2 X-Ray Diffraction (XRD) 
The X R D spectra of samples of different doses are shown in Fig 3.5. It can be 
seen that titanium mono-silicide has been formed in the two higher dose samples 
since the peak, TiSi(312) d : 1.4960 A，is observed. No other peak except the 
silicon substrate peak Si(400) has been detected. The TiSi(312) peak is getting 
higher with increasing dose, showing that more titanium mono-silicide is formed 
with increasing dose. 
3.2.3 Rutherford Backscattering Spectroscopy (RBS) 
The R B S spectra of samples of different dose with the same implant beam cur-
rent are shown in Fig. 3.6. The distribution pattern of titanium in silicon is 
nearly the same among the samples of different dose. There is a long tail in the 
lower side of the titanium layer, which agrees with the distribution simulated by 
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Figure 3.5: X R D spectra for different dose with 1 m A beam current as-implanted 
samples. 
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Figure 3.6: R B S spectra for different dose with 1 m A beam current as-implanted 
sample. 
T R I M as shown in Fig. 2.3. In the silicon side, a decrease in yield shows that 
silicide is formed below the surface of silicon, the extent of this decrease in yield 
increases with increase of dose showing that more silicide is formed. This agrees 
with the X R D results. However, from the V-sharp in the silicon side, it is found 
that a continuous layer is not formed yet, otherwise, it should show a flat region 
at the silicon side. Besides, the extent of the decrease in yield would be larger 
for a continuous silicide layer. This suggests that the implanted region consists 
a mixture of titanium, titanium mono-silicide and silicon with titanium atoms 
interstitially situated in the silicon substrate, that is, the titanium atoms fit 
into the interstices of the silicon substrate. Therefore the backscattering cross-
section of silicon atoms does not decrease and the yield in the spectra does not 
decrease as much as if a silicide layer has been formed. 
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3.3 Implant Beam Current Dependence Of As-
implanted Samples 
To study the beam current dependence, the samples were prepared at the same 
dose (4 X lQi7 ions/cm2), but with different implant beam currents (1 m A , 3 m A 
and 5 mA). The characterization results are presented in the following sections. 
3.3.1 Sheet Resistance Measurement 
P-sub.4 X 10i7jons/cm2 as-implanted  
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Figure 3.7: Temperature dependence of sheet resistance for as-implanted sam-
ples prepared using different implant beam current on p-substrates. 
The temperature dependence of the sheet resistance for as-implanted samples 
prepared using various beam currents on p-substrates and n-substrates are shown 
in Fig. 3.7 and Fig. 3.8, respectively. It is found that for both types of substrates, 
the temperature dependence of the sheet resistivity of the higher beam current 
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Figure 3.8: Temperature dependence of sheet resistance for as-implanted sam-
ples prepared using different implant beam current on n-substrates. 
samples is similar to that of the 1 m A beam current sample. There are two 
linearly, temperature dependent regions with small temperature coefficients but 
the discontinuous region is shifted to lower temperature with a smaller mismatch 
between the two linear regions in the higher beam current samples. It is also 
found that the 1 m A beam current samples have the highest sheet resistance, 
the 3 m A samples have the least and the 5 m A samples have values in between 
but the values are closed to those of the 3 m A samples. The sheet resistance 
results for the as-implanted samples will be discussed in section 3.5. 
3.3.2 X-Ray Diffraction (XRD) 
The X R D results for as-implanted samples prepared using the different beam 
currents with the same dose of 4 x 10^^ ions/cm^ are shown in Fig.3.9. It is 
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Figure 3.9: X R D spectra for as-implanted samples prepared using different beam 
currents at the same dose of 4 x 10^^ ions/cm^. 
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found that for a higher beam current of 3 m A , more titanium mono-silicide 
peaks, TiSi(201), TiSi(211), and TiSi(311) can be observed, and even the C49-
TiSi2(i3i) peak can be found in the spectrum. This shows that with higher 
beam current, that is, higher implantation temperature, more titanium ions 
implanted have been reacted with silicon atoms to form titanium mono-silicide. 
And because of the high temperature, some titanium mono-silicide will change 
phase to C49-TiSi2. In the spectrum of the even higher beam current (5 m A ) 
sample, the C49-TiSi2(131) peak is getting higher, while the titanium mono-
silicide peaks are weaker. This shows that most of the titanium mono-silicide has 
changed to C49-TiSi2 during the implantation if the implantation temperature 
is getting higher. The X R D results of the as-implanted samples are summarized 
in table 3.1 
^^^^i^^ TiSi(201) Ti&(211) TiSi(311) TiSi(312) C49-TiSi2(131) 
dose, current 2.72SA 2.1890A 1.7510A 1.4960A 2.230A 
_2xlOi7,imI - - - V . -
3 X l Q i 7 , l i ^ - - — - V — -
4 X 1 0 1 7 ， i i ^ - - — - V — -
4 X lQi7, 3 m A V “ J^ ~ sJ V \/ 
" 4 X l Q i 7 , 5 m A - \ j V \ j y “ 
Table 3.1: A summary on the titanium silicide peaks observed in the X R D 
spectra of the as-implanted samples. 
3.3.3 Rutherford Backscattering Spectroscopy (RBS) 
The R B S spectra of the as-implaned samples prepared using different beam 
currents at the same dose of 4 x 10^^ ions/cm^ are shown in Fig. 3.10. It is 
found that the yield of the titanium peak for 1 m A sample is the highest, and 
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Figure 3.10: R B S spectra of the as-implanted samples prepared using different 
beam currents at a dose of 4 x 10^^ ions/cm^. 
the V-shape in the silicon side is deeper. For higher beam current (3 m A and 5 
m A ) samples, the titanium peak is lower with a wider spread, and the V-shape 
in the silicon side are not as deep as the lower beam current sample, but with 
a wider spread. This again shows that with higher implantation temperature 
more titanium will react with silicon to form silicide in which the back scattering 
cross-section of the silicon atoms lower. This agrees with the X R D result that 
more titanium silicide is formed if the implantation temperature is higher. The 
wider spread in the titanium peak and the V-shape in the silicon side indicates 
a broader depth distribution of the titanium atoms in the higher beam current 
samples. However, a continuous layer of titanium silicide has not been formed 
yet because the decrease in the silicon back scattering yield is not as much as it 
should be for a continuous layer. 
47 
Chapter 3 Characterization of As-implanted Samples 
3.4 Transmission Electron Microscopy (TEM) 
The as-implanted sample of p-substrate implanted to a dose of 4 x 10^^ ions/cm^ 
with 5 m A implant beam current has been studied by cross-section transmis-
sion electron microscopy (XTEM). The cross-section T E M sample preparation 
method has been briefly presented in section 2.3.4. 




Figure 3.11: X T E M micrograph of the as-implanted sample of dose of 4 x 10^^ 
ions/cm2 with 5 m A implant beam current. 
Fig. 3.11 shows an X T E M micrograph of the implanted layer. At the surface, 
there is an amorphous silicon layer with thickness of about 10 nm, followed by 
the buried precipitate layer consisting of a mixture of titanium silicide precipi-
tates and the host silicon atoms with a thickness of about 200 nm, and below 
that, there is the damaged silicon layer. The amorphous silicon layer at the 
surface is due to the high dose implantation. The incident ions make many 
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amorphous silicon 
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Figure 3.12: Same as Fig. 3.11 but with a higher magnification. 
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Figure 3.13: H R X T E M of the as-implanted sample of dose of 4 x 10^^ ions/cm^ 
with 5 m A implant beam current. 
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Figure 3.14: Diffraction pattern of Fig. 3.13. 
collisions with the target atoms which are then displaced from their original po-
sitions These displaced atoms can in turn displace others and thus a disordered 
amorphous layer is formed when the dose exceeds a certain threshold value. This 
implantation damage process extends to a depth beyond the buried precipitate 
layer and results the damaged silicon layer. The thickness of the precipitate 
layer, where most of the titanium atoms stay, is consistent with the simulation 
of titanium distribution by T R I M as shown in Fig.2.3. From the X R D results, 
the precipitate layer consists of a mixture of silicon, titanium mono-silicide and 
C49-TiSi2. Fig. 3.12 and Fig. 3.13 are higher resolution X T E M pictures, and 
Fig. 3.14 is the diffraction pattern of the implanted layer. It is found that there 
are granules formed within the implanted layer. The typical size of the granules 
is about 10 nm. In the diffraction pattern shown in Fig. 3.14, besides the sili-
con points, there is a ring found, corresponding to TiSi(301). This shows that 
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the orientation of these TiSi granules are in random but with some preformed 
directions as evident by the presence of some brighter spots. 
3.5 Summary 
The electrical properties and microstructures of as-implanted samples of various 
implantation conditions have been studied. It is found that for samples with 
dose of 3 X lQi7 ions/cm^ or higher, the sheet resistivity have two linear regions 
which are both nearly independent of temperature, which can be expressed as, 
for the first region 
R{T) = Ro + aT (3.1) 
and for the second region, 
R{T) = R'o + a'T (3.2) 
where R{T) is the sheet resistance in Vt|U at temperature T, Ro and R'^ are in 
Q/口，a and a' are the fitted slopes in Vt/U-K'^, Ro, R^, a and a' are parameters 
to be determined for each sample. The first region covers the temperature range 
from 20 K to about 300 K. The first linear region generally ended at a lower 
temperature for higher beam current samples. The second linear region starts 
at temperatures of about 30 K higher than the upper end of the first linear 
region. There is one exceptional case. For the sample of n-substrate implanted 
to a dose of 4 x 10^^ ions/cm^, at an implant current of 5 m A , the two regions 
seems to merge into one linear region. The linear regions were fitted by straight 
lines, and the parameters, Ro, 7¾, a, and a', were determined from the fitting 
and were summarized in table 3.2. The dose dependence and the implant beam 
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current dependence of the slopes of the fitted straight lines for linear regions 
were plotted in Fig. 3.15 and Fig. 3.16 respectively. 
sample 1st region Ro a 2nd regio^ Rp a' 
p3 X lQi7,lmA “ 20 - 3Q0K 123.1 Q.Q20F" 350 — 4QQlT 51.63 0.0996 
p4 X lQi7,lmA 20 - 290K_ 54.25 "^^!0Q93" 320 - 4QQK 33.83 0.0303 
p4 X lQ^^3mA" 20 - 27QK" 23.88 0.0015 300 - 4Q0K 19.72 0.0103 
p4 X 1017,5mA 20 - 28QK 26.71 0.0028 315 - 400K 21.04 0.0132 
1^3 X lOi7,lmA 20 - 290K 56.54 -0.0058 320 - 40QK 45.76 0.0147 
n4 X lQi7,lmA_ 20 - 290K 47.06 " ^ 0 0 0 ^ 330 - 4QQK 40.36 0.0045 
n4 X l(F,3mA_ 20 - 220K_ 23.88 ~0^QQ7 240 - 4QQK 19.72 0.0071 
—n4 X lC|i7,5mA 20 - 400K 16.91 0.0059 - — -
Table 3.2: Summary of sheet resistants of as-implanted samples. 
It is found that, for all samples, the values of the slope of second region, a!, 
are always positive and are larger in magnitude than those of the first region, 
a, hence making 7¾ always smaller than Ro. This shows that the temperature 
dependence is more significant in the second region. For the dose dependence, 
for both p-substrate and n-substrate samples, in both regions, the higher dose 
(4 X lC)i7 ions/cm2) samples always have a smaller slope in comparision with the 
lower dose (3 x 10^^ ions/cm^) samples. In the first linear region, the slopes of n-
substrate samples are negative, while for p-substrate sample, the slope changes 
from positive to negative when the dose increases from 3 x 10^^ ions/cm^ to 
4 X lC)i7 ions/cm2. Suppose that this relation is linear, a zero slope will occur at a 
dose of 3.7 x 10^^ ions/cm^. That means, if the implanted dose can be accurately 
controlled to this value, a perfect temperature independence can be obtained. 
For the beam current dependence, for both p-substrate and n-substrate samples, 
the values of the fitted slope in the first linear region change from negative to 
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Figure 3.15: Dose dependence of fitted slopes of as-implanted samples (a) first 
linear region, (b) second linear region. 
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positive when the implant beam current increases from 1 m A to 5 m A . Again, 
by interpolation, the beam currents at which a zero slope will occur can be 
estimated to be about 2.6 m A and 2.8 m A for p-substrates and n-substrates, 
respectively. It is also found that for both p-substrate and n-substrate samples, 
and in both linear regions, the 4 x 10^^ ions/cm^, 3 m A samples, have the lowest 
slope among the samples. That is, the sample of 4 x 10^^ ions/cm^, 3 m A has 
the least dependence of sheet resistivity on temperature. Tabulated in table 3.3 
are the maximum and minimum in sheet resistance in the temperature range 
from 20 K to 400 K, and the ratio of the difference of maximum and minimum 
in sheet resistance to maximum sheet resistance (丑飄厂~^她)of these samples. 
\ ^max z 
It can be seen that the sample of 4 x 10^^ ions/cm^, 3 m A has the smallest value 
in sheet resistance and least variation with temperature in the two linear regions 
and also in the whole range of temperature from 20 K to 400 K. 
T 7 ? — R ~ ~ 
, V J. ^ 7TlClX ^T7X%Th 
sample Rmax (temp.) Rmin (temp.)  
^m,ax  
p3 X lQi7, 1 m A 122.7 (30 K) 86.6 (355 K) 29.4% 
p4 X lQi7, 1 m A 53.9 (30 K) 43.5 (320 K) 19.3% 
p4 X 10i7, 3 r ^ 24.4 (235 K 22.8 (300 K) — 6.45% 
p4 X lQi7, 5 m A 27.5 (255 K) 25.2 (315 K) 8.36% 
n3 X 1017，1mA 56.3 (30 K ) 50.6 (335 K ) 10.1% 
n4 X 1017，1mA 46.7 (30 K) 41.7 (340 K) 10.7% 
n4 X 1017，3mA 16.9 (400 K) 15.8 (240 K) 6.5% 
n4 X lQi7, 5 m A 19.0 (400 K) 17.2 (30 K) 9.47% 
Table 3.3: Summary of variation in sheet resistance of as-implanted samples. 
The most interesting characteristic of the as-implanted samples is the nearly 
temperature independence of the sheet resistivity in such a wide temperature 
range. It is believed that such a property is characteristic of the implanted layer 
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which consists of metallic granules (titanium mono-silicide and/or C49 titanium 
disilicide) embedded the a semiconductor (silicon). The explanation for such a 
property is not available at the moment and will be a good theoretical research 
topic for future study. 
It can be concluded that, for the as-implanted samples, a continuous buried 
layer is not formed yet, instead, the implanted layer is a mixture of titanium 
mono-silicide granules and silicon if the implant beam current is low. If the 
implantation dose is high enough (3 x 10^^ ions/cm^ or above), the resistivity 
show an unexpected nearly temperature independent behavior, and has two 
linear regions for most of the samples. With higher implantation temperature, 
some of the titanium mono-silicide granules will change phase to C49 titanium 
disilicide. But a continuous layer has not yet formed. 
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Characterization of Annealed 
Samples 
4.1 Introduction 
The electrical properties of the microstructures of the annealed samples have 
been studied and will be discussed in relation to a number of preparation pa-
rameters, namely, the implant dose, the implant beam current, the annealing 
temperature and the annealing time. To study the dose efFect, the as-implanted 
samples of different doses, (2 x 10^^ ions/cm^, 3 x 10^^ ions/cm^ and 4 x 10^^ 
ions/cm^) prepared using the same beam current of 1 m A have been annealed 
under the same condition (850°C for 60 seconds). To study the beam current 
effect, samples of the same doses of 4 x 10^^ ions/cm^, prepared using different 
beam currents (1 m A , 3 m A and 5 m A ) have been annealed under the same 
condition (850°C for 60 seconds). To study the annealing temperature effect, 
samples of the dose of 4 x 10^^ ions/cm^, prepared using a beam current of 1 m A 
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samples have been annealed at different temperatures (650°C, 750。C, 850。C for 
60 seconds and 1000。C for 30 seconds). To study the annealing time effect, the 
as-implanted samples of the dose of 4 x 10^^ ions/cm^ prepared using a beam 
current of 1 m A , have been annealed at 850。C for 20, 40, 60 and 80 seconds. 
The details of the annealing conditions can be found in section 2.2.2. 
The characterization methods for the annealed samples are the same as the 
as-implanted samples, namely, sheet resistivity, X R D and R B S measurements. 
One of the annealed sample has also been studied by T E M . Except for the sheet 
resistance measurements, similar results were obtained for both the p-substrate 
and n-substrate samples. Therefore, only the results of p-substrate samples are 
presented for X R D and R B S measurements. The details of the characterization 
methods can be found in section 2.3. 
4.2 Dose Dependence Of Annealed Samples 
4.2.1 Sheet Resistance Measurements 
The temperature dependence of the sheet resistance of the low dose (2 x 10^^ 
ions/cm2) sample implanted at a beam current of 1 m A after annealing at 850°C 
for 60 seconds is shown in Fig. 4.1. Compared with that of the as-implanted 
sample shown in Fig. 3.2, the sheet resistance is getting lower in the whole 
temperature range measured. However, the sheet resistance values are still quite 
high, from a few thousand f2/D at room temperature and then increase with 
decreasing temperature, to values up to the order of 10^ H/D at 20 K. this shows 
that a metallic continuous layer has not formed for this dose. 
The temperature dependence of the sheet resistance of higher dose (3 x 10^^ 
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Figure 4.1: Temperature dependence of sheet resistance for the n-substrate sam-
ples with an implant dose of 2 x 10^^ ions/cm^, after annealing at 850。C for 60 
seconds. 
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Figure 4.2: Temperature dependence of sheet resistance for samples of n-
substrate or p-substrate with indicated implant doses after annealing at 850。C 
for 60 seconds. 
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ions/cm^ and 4 x 10^^ ions/cm^) samples, either p-substrate or n-substrate, im-
planted at the same implant beam current of 1 m A after annealing at 850。C 
for 60 seconds are shown in Fig. 4.2. Compared with those of the as-implanted 
samples shown in Fig. 3.3 and Fig. 3.4 which show the nearly-temperature in-
dependence property, the sheet resistances of these annealed samples are much 
lower, about a few Vt|U at room temperature which are one or two orders of 
magnitude lower than those of as-implanted samples. The sheet resistances de-
crease linearly with decreasing temperature from room temperature to about 
100 K. And then the temperature dependence is getting smaller with decreasing 
temperature and eventually becomes independent of temperature at 50 K and 
below. This is a typical metallic temperature dependence [9]. This shows that 
a continuous metallic layer is formed. For a dose of 4 x 10^^ ions/cm^, there 
is no significant difference in the sheet resistivities between the p-substrate and 
n-substrate samples. 
4.2.2 X-Ray Diffraction (XRD) 
The X R D spectra of different dose samples implanted at a beam current of 1 
m A after annealing at 850°C for 60 seconds are shown in Fig. 4.3. For the low 
dose (2 X l Q i 7 ions/cm2) sample only the C49-TiSi2(150) and TiSi(312) peaks 
are observed, showing that even after annealing at 850°C, if the dose is not high 
enough, the C54-TiSi2 phase cannot be formed. In the spectrum of the sample 
with a dose of 3 x 10^^ ions/cm^, peaks of the C54-TiSi2 phase are observed 
as well as those of the TiSi phase. This shows that for this dose, the C54-
TiSi2 phase has been formed but TiSi phase is still present. But for the sample 
with a higher dose of 4 x 10^^ ions/cm^, only the peaks of the C54-TiSi2 phase 
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Figure 4.3: X R D spectra of different dose samples implanted at a beam current 
of 1 m A after annealing at 850°C for 60 seconds. 
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are observed. The observed x-ray difraction peaks for samples of different doses 
prepared using the same implant beam current of 1 m A after annealing at 850。C 
for 60 seconds are summarized in Table 4.1. From these X R D spectra, it can 
be said that under the annealing condition of 850°C for 60 seconds, a complete 
transformation of TiSi to C54-TiSi2 requires at least a dose of 4 x 10^^ ions/cm^. 
If the dose is not high enough, both the C54-TiSi2 phase and the TiSi phase will 
be present in the continuous silicide layer. If the dose is too low, only C49-TiSi2 
can be formed. 
sample (dose, cm-2) 2 x 10丄，3 x 10丄丫 4 x 1 0 " 
“ “ T i S i ( 3 1 2 ) ( 1 . 4 9 6 0 A ) “ ^ V V " — 
^“TiSi(201) ( 2 . 7 2 8 0 A ) ~ ~ \ j — 
C49-TiSi2(i5Q) (2.19QQA) - V -
C54-TiSi2(lll) (2.3016A) - - V 
C54-TiSi2(22Q) (2.9716A) - - — V 
C54-TiSi2(3il) (2.3Q16A) - - V — 
"CM-TiSi2(04Q) (2.0666A) - - V 一 
Table 4.1: X R D peaks observed in samples of different doses after annealing at 
850°C for 60 seconds. 
4.2.3 Rutherford Backscattering Spectroscopy (RBS) 
The R B S spectra of samples of different doses prepared at the same implant 
beam current of 1 m A after annealing at 850°C for 60 seconds are shown in 
Fig. 4.4. For the low dose (2 x 10" ions/cm^) sample, when compared with that 
of the as-implanted spectrum shown in Fig. 3.6, it can be seen that the titanium 
distribution is shifted to the surface and it seems that there are two Gaussian 
distributions of titanium atoms in the layer. In the silicon side, the extent of 
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Figure 4.4: RBS spectra of different dose samples with 1 mA implant beam 
current annealed at 850°C for 60 seconds. 
the decrease in the yield is not enough as if a continuous silicide layer is formed. 
This shows that a continuous layer has not been formed. The redistribution 
of the titanium atoms can be explained as follow. During annealing, titanium 
atoms will react with silicon atoms to form titanium mono-silicide first, followed 
by the formation of C49-TiSi2, and then by a phase change to C54-TiSi2. It 
is believe that the granules of titanium mono-silicide is formed and then grow 
larger and larger by attracting other free titanium atoms toward the granules 
until a continuous layer is formed. However, if the dose of titanium atoms is 
not high enough, the granules grow to a certain size and then there is no more 
free titanium atom that can join and hence there are only titanium silicide 
granules formed but not a continuous layer. The titanium mono-silicide within 
the granules can change phase to C49-TiSi2. For higher dose samples, at the 
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titanium peak, the maximum yield for sample of dose of 3 x 10^^ ions/cm^ is 
nearly the same as that of the sample of dose of 4 x 10^^ ions/cm^, but the 
width of the sample of dose of 4 x 10^^ ions/cm^ is wider. At the silicon side, for 
both samples, there is a surface peak and then the yield decreases at lower recoil 
energies and then increases again for even lower recoil energies corresponding to 
a depth towards the lower end of the implantation range and the substrate. This 
shows that a buried titanium silicide layer is formed for these two samples. The 
spectra of the samples with doses of 3 x 10^^ ions/cm^ and 4 x 10^^ ions/cm^ 
have been fitted by R U M P program [76], and the simulated titanium atom 
distributions are plotted in Fig. 4.5. 
Titanium distribution of annealed sample fitted by R u m p  
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Figure 4.5: Titanium atom distributions of the annealed samples from fitting by 
R U M P program. 
It is found that the experimental spectra can be well fitted by a four-layer 
model, which consists of a surface silicon layer, a buried continuous TiSi2 layer, a 
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transition layer and the silicon substrate. The surface silicon is fitted to be 200 A 
thick for both samples. The continuous TiSi2 layer is 500 A thick for the sample 
with a dose of 3 x 10^ ^ ions/cm^, and is 800 A thick for sample with a dose of 
4 X 10i7 ions/cm^. The transition layer is 400 A thick for the sample with a dose 
of 3 X lQi7 ions/cm2 and is 500 A thick for the sample with a dose of 4 x 10^^ 
ions/cm2. jhe atomic fraction oftitanium is 1/3 in the continuous layer showing 
that a layer of titanium disilicide is formed. However, the phase of it, weather 
it is C49 or C54, cannot be distinguished by the R B S spectra, but has to be 
determined from the X R D spectra. The transition layer has a compositin that 
changes linearly with depth and with the titanium concentration decreaseing 
with increasing depth. 
From the above, it is evident that a metallic buried continuous layer can be 
formed after annealing ifthe dose is 3 x 10^^ ions/cm^ or higher, but a C54-TiSi2 
layer is formed only if the dose is 4 x 10^^ ions/cm^. 
4.3 Implant Beam Current Dependence Of An-
nealed Samples 
4.3.1 Sheet Resistance Measurement 
The temperature dependence of sheet resistance of samples prepared using dif-
ferent implant beam currents, namely, 1 m A , 3 m A and 5 m A , and of the same 
dose of 4 X lQi7 ions/cm^, after annealing at 850。C for 60 seconds are shown in 
Fig. 4.6. Compared with those of the as-implanted samples shown in Fig. 3.7, 
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Figure 4.6: Temperature dependence of sheet resistance of samples prepared at 
different beam currents with a dose of 4 x 10^^ ions/cm^ after annealing at 850°C 
for 60 seconds. 
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which have different values in resistance in the whole temperature range mea-
sured, it is found that, after annealing, the resistances of these samples have no 
significant difference from 20 K up to room temperature (300 K), showing that 
a metallic continuous layer with lower resistivity is formed in all these samples. 
4.3.2 X-Ray Diffraction (XRD) 
The X R D spectra of samples prepared using different implant beam currents 
of 1 m A , 3 m A and 5 m A , and with the same dose of 4 x 10^^ ions/cm^ after 
annealing at 850。C for 60 seconds are shown in Fig. 4.7. It is found that, for 
the two samples of implant beam currents of 3 m A and 5 m A , in addition to 
the TiSis peaks, the TiSi(312) peak is also observed. For the sample with an 
implant beam current of 5 m A , the C49-TiSi2(150) peak is also found. The 
observed X R D peaks of these samples are summarized in Table 4.2. 
sample (current) 1 m A 3 m A 5 m A 
~~TiSi(312) (1.4960A)~~~ - V V 
C49-TiSi2(131) (2.23Q0A) - ~ ~ - ~ y/ 
C54-TiSi2(lll) (2.3Q16A) V ~ " - ~ -
C54-TiSi2(22Q) (2.9716A) \l ~ ~ - ~ ~ -
C54-TiSi2(3il) (2.3Q16A) — \j - -
"C54-TiSi2(Q4O) (2.Q666A) \j V x/ 
Table 4.2: A summary of X R D results of different implant beam current samples 
after annealing at 850°C for 60 seconds. 
Compared with those of the as-implanted samples shown in Fig. 3.9, it is 
found that there was phase change of the titanium silicide changes phase from 
C49-TiSi2 to C54-TiSi2 during annealing. However, for higher implant beam 
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Figure 4.7: X R D spectra of different beam current samples with a dose of 4 x 10^^ 
ions/cm^ after annealing at 850°C for 60 seconds. 
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current samples, the transformation to C54-TiSi2 is not complete under this 
annealing condition. Therefore, titanium mono-silicide and C49-TiSi2 still exist 
in the layer after annealing. This can be explained as follows. It is believed that 
the higher the implant beam current, the higher is the self anneal temperature 
during implantation and the larger is the size of the titanium silcide granules. 
Even some precipitates of C49-TiSi2 could have been formed if the temperature 
is high enough. Therefore, during annealing, it requires more energy to dissolve 
the granules of large size into a continuous layer. Once titanium mono-silicide 
or C49-TiSi2 has been formed, it needs more energy to chance phase to C54-
TiSi2 than it requires for a mixture of titanium atoms and silicon atoms because 
energy favors to form C49-TiSi2 than C54-TiSi2 [83, 84； • 
4.3.3 Rutherford Backscattering Spectroscopy (RBS) 
The RBS spectra of samples of different implant beam current, 1 mA, 3 mA and 
5 mA, with the same dose of 4 x 10^ ^ ions/cm^ after annealing at 850°C for 60 
seconds are shown in Fig. 4.8. It is found that there is not significant difference 
among the spectra, showing that after annealing, the titanium atom distribu-
tions are nearly the same for these samples, and that a continuous titanium 
disilicide layer is formed. 
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Figure 4.8: R B S spectra of different beam current samples with a dose of 4 x 10^^ 
ions/cm2 金犷 annealing at 850°C for 60 seconds. 
4.4 Annealing Temperature Dependence Of An-
nealed Samples 
4.4.1 Sheet Resistance Measurement 
The temperature dependence of sheet resistance for samples of a dose of 4 x 
lQi7 ions/cm2, implanted at a beam current of 1 m A and annealed at different 
temperatures, either at 650。C，750。C or 850。C for 60 seconds, or at 1000。C 
for 30 seconds are shown in Fig. 4.9. It is found that, all of these samples 
show metallic resistivity property, showing that if annealed at 650°C or above, 
a metallic continuous layer is formed. For the sample annealed at 650。C, the 
sheet resistance at room temperature (300 K) is about 130/D. However, for 
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Figure 4.9: Temperature dependence of sheet resistance of samples of a dose 
of 4 X l Q i 7 ions/cm^ implanted at a beam current of 1 m A after annealing at 
different temperature. 
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higher annealing temperatures (750。C or above), the samples show nearly the 
same sheet resistance in the whole temperature range from 20 K to 300 K. The 
sheet resistance ofthese samples are much lower than that ofthe 650。C annealed 
sample and has a value of about only 2Q/n at room temperature. This shows 
that, a continuous metallic layer can be formed by annealing at 650°C. However, 
at this temperature, only the high resistivity titanium mono-silicide or C49-TiSi2 
is formed. The low resistivity C54-TiSi2 phase can be formed only if the anneal 
temperature reaches 750°C or higher, But a higher annealing temperature does 
not give a lower resistivity. The details will be discussed in the later sections. 
4.4.2 X-Ray Diffraction (XRD) 
The X R D spectra of the samples of a dose of 4 x 10^^ ions/cm^ implanted at 
a beam current of 1 m A after annealing at various temperature are shown in 
Fig. 4.10. It is found that there are peaks of titanium mono-silicide and C49-
TiSi2 peaks observed for the sample annealing at 650°C. W h e n the annealing 
temperature is 750。C, C54-TiSi2 peaks are observed, with only one peak of 
titanium mono-silicide TiSi(201) left, and the intensity is getting smaller. This 
shows that most of the silicide is changing phase to C54-TiSi2 if the annealing 
temperature reaches 750°C, but there is still some titanium mono-silicide left. 
W h e n the annealing temperature is getting higher to 850°C，beside the C54-
TiSi2 peaks, there is no other peaks observed in the spectrum. However, if the 
annealing temperature is raised to 1000°C, besides C54-TiSi2 peaks, there are 
again titanium mono-silicide peaks. The observed peaks in the X R D spectra of 
these samples are summarized in Table 4.3. 
From the result of these spectra, it can be found that 650。C annealing is 
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Figure 4.10: X R D spectra of samples of a dose of 4 x 10^^ ions/cm^ implanted 
at a beam current of 1 m A after annealing at various temperatures. 
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— s a m p l e (temp./time) 650。C 60s 750。C 60s 850。C 6Qg 1000。C 30厂 
^“^TiSi(312) (1.4960A)“^ y/ — — — \l 
~~TiSi(201) (2.7280A)~ \j V - ^ 
C49-TiSi2(i5O) (2.19Q0A) V - - -
C54-TiSi2(lll) (2.3016A) - sJ \l -
C54-TiSi2(22Q) (2.9716A) - y/ V \l 
C54-TiSi2(3il) (2.3016A) - x/ V V 
C54-TiSi2(Q4O) (2.Q666A) - ^1 V V 
Table 4.3: A summary of the X R D results of different annealing temperature 
samples with a dose of 4 x 10^^ ions/cm^ implanted at a beam current of 1 m A . 
just enough to form a continuous layer of mixture of titanium mono-silicide and 
C49-TiSi2. Higher annealing temperatures can change the phase of the layer 
to C54-TiSi2. Tt seems that 850°C is enough for this phase transformation. If 
the annealing temperature is getting higher to 1000°C, titanium mono-silicide 
will appear again. This could be due to agglomeration occured during annealing 
at such a high temperature [4]. However, the sheet resistance of this sample is 
nearly the same as thost of the lower-emperature annealed samples. This can be 
understood because agglormeration occured only for certain amount of titanium 
silicide but not the whole layer as evident by the observation of the peaks of 
C54-TiSi2. 
4.4.3 Rutherford Backscattering Spectroscopy (RBS) 
The R B S spectra of samples of different annealing temperatures with a dose of 
4 X lQi7 ions/cm2 and an implant beam current of 1 m A are shown in Fig. 4.11. 
It is found that, for the 650。C, 750°C and 850。C annealed samples, there is no 
significant difference in the distributions of the titanium atoms and the yields 
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Figure 4.11: R B S spectra of samples of different annealing temperatures with a 
dose of 4 X lC)i7 ions/cm^ and an implant beam current 1 m A . 
76 
Chapter 3 Characterization of As-implanted Samples 
at the silicon side for these samples. These spectra can also be fitted by using 
the R U M P code by using the profile shown in Fig. 4.5. This shows that buried 
continuous layers are formed in these samples. However, for the 1000。C annealed 
sample, besides the titanium peak which is nearly the same as other samples and 
silicon peak, there is also an oxygen peak found and the yield for silicon surface 
peak is much lower than other samples with lower annealing temperatures. This 
shows that there is a layer of silicon oxide formed on the surface of the sample. 
This can be explained that in the R T A process, even argon gas was filled into the 
chamber for tens of seconds before the annealing started, there was still a certain 
amount of oxygen left in the chamber, during the annealing, if the temperature 
is high enough, the oxygen left in the chamber can react with silicon to form 
silicon oxide on the surface. 
From the above results, it seems that 850。C is the optimum annealing tem-
perature which 650°C is enough to form a metallic continuous layer, the layer 
is mainly titanium mono-silicide and C49-TiSi2, A phase change of the buried 
layer to low resistivity C54-TiSi2 starts at an annealing temperature of 750°C 
but a complete transformation occurs at 850°C. A higher annealing temperature 
of 1000°C does not give a better layer but introduces agglormeration and also 
oxygen contamination to form silicon oxide on the sample surface during the 
R T A process. 
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4.5 Annealing Time Dependence Of Annealed 
Samples 
4.5.1 Sheet Resistance Measurement 
p-sub. 4 X 10i7 ions/cm2 anneal at 850°C for different time  
‘ ‘ ^ ‘ ‘ ^ 
$ X -
2 - *** anneal 850 °C 20s ^ * 
9 X 
000 anneal 850 °C 40s 一 % ^ 
gf 
XXX anneal 850 °C 60s Q 艾 
^ 1 . 5 - 2^ -
^ +++ anneal 850 °C 80s 。 * 
a Q ^ 
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Figure 4.12: Temperature dependence of sheet resistances of samples of of a 
dose of 4 X lCF ions/cm^ implanted at a beam current of 1 m A after annealing 
at 850°C for different time intervals. 
The temperature dependence of sheet resistance of samples of a dose of 4 x 
lQi7 ions/cm2 g^d an implant beam current of 1 m A after annealing at 850。C 
for different time intervals of 20 seconds, 40 seconds, 60 seconds and 80 seconds 
are shown in Fig. 4.12. The sheet resistance of these samples are nearly the 
same in the whole temperature range (20 K to 300 K) with metallic resistivity 
property for all of these samples. The sheet resistance of the sample with longer 
annealing time seems to have a lower value, but the difference is not significant. 
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This implies that a low resistance metallic continuous layer is formed if the 
annealing temperature reaches 850°C. 
4.5.2 X-Ray Diffraction (XRD) 
The X R D spectra of samples of a dose of 4 x 10^^ ions/cm^ and an implant 
beam current of 1 m A after annealing at 850°C for different time intervals of 20 
seconds, 40 seconds, 60 seconds and 80 seconds are shown in Fig. 4.13. There 
are only one C54-TiSi2 peak and two titanium mono-silicide peaks observed 
in the spectrum of the sample with an annealing time of 20 seconds. When 
the annealing time increases to 40 seconds, other C54-TiSi2 peaks appear, and 
the titanium mono-silicide peaks disappear. But a peak of C49-TiSi2 can also 
been seen. If the annealing time further increase to 60 seconds, the C49-TiSi2 
peak also disappears, leaving only the C54-TiSi2 peaks. An even longer the 
annealing time of 80 seconds gives the same result. The observed X R D peaks 
are summarized in Table 4.4. 
sample (time) 20<g 4Qg 60s 80s 
TiSi(312) (1.4960A) 一 J^ _ - — 
“^TiSi(201) (2.7280A)^ \j — ~ ^ — 
C49-TiSi2(i3i) (2.23Q0A) - V — - -
C54-TiSi2(lll) (2.3Q16A) - -•sJ y/ ~ ^ 
C54-TiSi2(22Q) (2.9716A) - \j \l \j 
C54-TiSi2(3il) (2.3016A) - \l y/ y/ 
C54-TiSi2(Q4O) (2.0666A) y/ \l sJ \j 
Table 4.4: A summary of X R D results of samples of a dose of 4 x 10^^ ions/cm^ 
and an implant beam current of 1 m A after annealing at 850°C for various time 
intervals. 
79 
Chapter 3 Characterization of As-implanted Samples 
4 X 1 0 i 7 i o n s / c m 2 1 m A ， a n n e a l at 8 5 0 ° C 2 0 s  
； • ^ ^ ‘ |C54-T>Si,(040) ‘ ― 、 7 T • 
^ I ||jPsi(400) % 
i,,Liab4^^^ , _ 
20 30 40 50 60 70 80  
4 X 10'^ions/cm^^hi^Seal at 850°C 40s  
g - ‘ C49-T:Si,(13.)'| | C 5 4 - T . S i , ( 0 4 0 ) , ‘ 八 ' 
^ C54-TiSi2(220) X • I \ 
^ 1 C54-TiSi2( l l l ) C54-T1Si2(3il) • TiSi(312) J \ 
iJ*JiiAJiyLyitoiy^ , \ ^ 
20 30 40 50 60 70 80  
4 X 10'^ions/cm^^fa^^meal at 850"C 60s 
^ lc54-T1Si2(040) / 1 
cd C54-TlSi2(3il) • / 1 
I 10^ ,C54-r.S,(Hl) C5^.1Si2_ / \ , 
ji��L—jurfyyJj‘___fi^ I ^ 4 
20 30 40 50 60 70 80  
4 X lO^ i^ons/cm^ f^afe^nneal at 850。C 80s 
， ！ ‘ ‘ IC54-TiSi2(040) ‘ ‘ J “ 1 -
cd - C54-T1Si2(22O) C54-T1Si2(3il) • I [ 
| i � i , ~ I [ / v ： 
S }J t J Si(400) \ 
I i , U u i k M M y i y y t o i a # . _ 
20 30 40 50 60 70 80 
29’ degree 
Figure 4.13: X R D spectra of samples of time of a dose of 4 x 10^^ ions/cm^ 
and an implant beam current of 1 m A after annealing at 850°C for various time 
intervals. 
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From these spectra, it is found that when the annealing temperature reaches 
850°C, C54-TiSi2 is formed. But there are still titanium mono-silicide left is 
the annealing time is not long enough. The titanium mono-silicide will then 
react with silicon to form C49-TiSi2 before it finally changes to C54-TiSi2 upon 
further annealing. 
4.5.3 Rutherford Backscattering Spectroscopy (RBS) 
4x10” ions/crri2 1 m A anneal at 850。C at difference time, random 
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Figure 4.14: R B S spectra of samples of a dose of 4x10^^ ions/cm^ and an implant 
beam current of 1 m A after annealing at 850°C for various time intervals. 
The R B S spectra of the samples of a dose of 4 x 10^^ ions/cm^ and an implant 
beam current of 1 m A after annealing at 850°C for different time intervals of 
20 seconds, 40 seconds, 60 seconds and 80 seconds are shown in Fig. 4.14. The 
titanium distribution and that of silicon side are nearly the same among these 
spectra, and all can be fitted by using the profile shown in Fig. 4.5. This shows 
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that buried continuous layers are formed in these samples, and there is effectively 
no or little redistribution of titanium atoms in the layer during annealing. There 
are only phase changes within the layer as seen in the X R D spectra. 
4.6 Transmission Electron Microscopy (TEM) 
The sample with a dose of 4 x 10^^ ions/cm^ and an implant beam current of 
1 m A after annealing at 850°C for 60 seconds has been investigated by cross-
section transmission electron microscopy (XTEM). 
surface silicon 
, ^ . . ^ - ^ .^.^.^.x^-rf^^-^- f 1 0 ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ¾ ^ ^ ^ ^ ^ * : ; ' , ' , . . 
|gm|||||g||||g|gj)j;j||g||||p|||p^^'4 %.〜titanium disilicide ^^^^^^^^^^^^§)^)^^^^^  
I ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ K silicon substrate 
_____iSii^^^^^^B^^^pi^iij^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 
•sM^ ^^ ^^ fc^ rti^ ^^ ^^ ^^ ^^ ^^ ^^ M^® 
Figure 4.15: Low resolution X T E M micrograph of the sample with a dose of 
4 X lC)i7 ions/cm2 and an implant beam current of 1 m A after annealing at 
850°C for 60 seconds. 
Fig. 4.15 is a typical cross-section T E M micrograph of the sample showing 
that a long flat uniform buried continuous layer has been formed. The thickness 
of the layer is uniform in a long range. This annealed sample is quite different 
from the as-implanted sample which consists of a mixture of titanium silicide 
granules and silicon. It is clearly shown that after annealing, the granules are 
dissolved and merged together to form a continuous layer. There are three main 
layers that can be seen. On the surface, there is a layer of silicon of about 
20 - 30 n m thick. Below it is a buried titanium disilicide layer of about 80 n m 
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Figure 4.16: Higher resolution X T E M micrograph of the sample with a dose 
of 4 X lC)i7 ions/cm2 and an implant beam current of 1 m A after annealing at 
850°C for 60 seconds. 
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thick. Further below it is the silicon substrate. Fig. 4.16 is a higher resolution 
T E M micrograph of the same sample giving a clearer picture. It is found that, 
below the buried titanium silicide layer, there are some small precipitates. This 
corresponds to the transition layer which consists of titanium silicide granules as 
well as damaged silicon. This is consistent with the titanium atom distribution 
from the fitting of the R B S profile shown in Fig. 4.5. 
4.7 Summary 
The characterization of annealed samples of various preparation conditions have 
been investigated. A number of parameters, namely, the implant dose, implant 
beam current, annealing temperature and annealing time have been varied. For 
the study of dose dependence, the samples were annealed at 850°C for 60 sec-
onds. A continuous layer were formed if the dose reached 3 x 10^^ ions/cm^. 
But to obtain a complete transformation to C54-TiSi2 in the layer, a dose of 
4 X lQi7 ions/cm2 is needed. If the implant beam current is higher, the for-
mation of C54-TiSi2 seems to be more difficult, because the size of granules of 
these as-implanted samples is larger and require more energy to dissolve and 
reform the layer during the annealing process. For the annealing temperature 
dependence, 650°C is enough to form a continuous metallic layer of high resis-
tance titanium mono-silicide. Phase changes to the low resistance C54-TiSi2 
started at an annealing temperature of 750°C complete transformation to C54-
TiSi2 was achieved at 850°C. However, a higher annealing temperature of 1000°C 
introduced agglomeration and oxidation, lending to the formation of titanium 
mono-silicide and the formation of silicon oxide on the surface of the samples 
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during the annealing process. The annealing time dependence has been studied 
with annealing temperature of850°C. It can be seen that C54-TiSi2 is formed at 
a time as short as 20 seconds, but with the presence of titanium mono-silicide. 
A longer annealing time can change the phase of the remaining titanium mono-
silicide to C49-TiSi2 and finally to C54-TiSi2. It is found that there is little 
titanium re-distribution during the annealing process but phase change occurs 
if the annealing temperature is getting higher or the annealing time is getting 
longer. The sequence of the phase changes would be as follows. 
Ti + Si — TiSi — C49-TiSi2 — C54-TiSi2 
When titanium is implanted to silicon, titanium mono-silicide will be formed 
first. If the implant beam current is higher, perhaps some C49-TiSi2 will be 
present. During annealing titanium mono-silicide will change phase to C49-
TiSi2, and then C54-TiSi2 will be formed with increasing annealing time if the 
annealing temperature is sufficiently hight. There is no other kind of titanium 
silicide observed in this work. From the above sections, it seems that the condi-
tion of an implant dose of 4 x 10^^ ions/cm^ at an implant beam current of 1 m A 
and annealing at 850°C for 60 is optimum to prepare C54-TiSi2 buried layers. 
The thickness of the C54-TiSi2 layer formed is 80 n m and the thickness of the 
surface silicon is about 20 nm. The sheet resistance measured at room temper-
ature is about 2.0 Q/D. This could be regarded as the sheet resistance of the 
titanium disilicide layer since the substrate effect is negligible, as the resistivity 
of the substrate used in this work is higher than 10 Q-cm at room temperature, 
and the thickness of the wafer is about 500 //m, therefore, the sheet resistance 
contributed from the substrate is in the order of hundred •/•, two orders of 
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magnitude higher than the sheet resistance measured. Taking the thickness of 
the layer be 80 nm, then the resistivity of the layer, p, can simply be calculated 
as follows. 
p = 2.0 X 80 X 1 0 _ 9 ^-m 
= 1 6 X 10—6 Q-cm 
二 16 fxn-cm (4.1) 
This is consistant with the typical value of the resistivity of C54-TiSi2 of is 




5.1 Main Results Of This Work 
In this work, titanium silicide layer has been synthesized by high dose titanium 
implantation into silicon using a M E V V A ion source followed by rapid thermal 
annealing. Both the as-implanted and annealed samples of various preparation 
conditions have been investigated. In this work, the accelerating voltage of the 
implantation is 60 kV, and the targets used are siliconp(100) and n(100) wafers. 
The measurement techniques used in this works are, temperature variable sheet 
resistance measurements by the van der Pauw method, x-ray diffraction (XRD), 
Rutherford backscattering spectroscopy (RBS) and transmission electron mi-
croscopy (TEM). 
For the as-implanted samples, the effects of implant dose and implant beam 
current have been studied. It is found that, if the dose implanted is equal to or 
larger than 3 x 10^^ ions/cm^, the sheet resistance shows a nearly temperature 
independent property. There are two linear regions observed for most of the 
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samples. This would be due to the overall effect of the mixture of the metallic 
titanium silicide and the semiconductor silicon because the implanted layer in 
the as-implanted sample would be a mixture of titanium silicide granules and 
silicon substrate. The sample of a dose of 4 x 10^^ ions/cm^ with 5 m A implant 
beam current seems to has the least dependence of resistance on temperature in 
each linear region and also in the whole range of temperature from 20 K to 400 
K. 
For the annealed samples, the effects of dose, implant beam current, anneal-
ing temperature and annealing time have been studied. After annealing, these 
samples of implant dose equal to or higher than 3 x 10^^ ions/cm^, which exhibit 
a nearly temperature independence property in sheet resistance as-implanted, 
show metallic electrical property. A buried metallic low resistivity continuous 
C54-TiSi2 layer is obtained if the annealing temperature is higher than 750°C 
for samples with a dose of 4 x 10^^ ions/cm^. The sequence of phase change dur-
ing the annealing would be titanium mono-silicide, then C49-TiSi2 and finally 
C54-TiSi2 at sufficiently high annealing temperature and sufficient annealing 
time. It seems that the sample of a dose of 4 x 10^^ ions/cm^ and an implant 
beam current of 1 m A after annealing at 850°C for 60 seconds has formed the 
best quality C54-TiSi2 layer. The resistivity of the layer is about 16 ytiQ-cm, the 
thickness of the layer is about 80 n m below a surface silicon layer of 20 nm. A 
longer annealing time leads to similar results, but a higher annealing temper-
ature will lead to agglomeration of the titanium silicide layer and oxidation of 
surface silicon layer. 
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5.2 Suggestions To Future Works 
In this work, a number of the as-implanted samples show a nearly temperature-
independent property in resistance. The mechanism of this phenomonon is still 
not clear. More detailed study is necessary in order to explain it. Therefore, 
T E M study of samples of different conditions should be made. It is also interest 
to prepare more samples under various implantation conditions to find out what 
are the essential conditions that can lead to such a property. 
For the annealed samples, the layer obtained in this work might not be the 
optimum one. Other preparation conditions can be tried to see if the resistivity 
of the layer can further be reduced. For example, a two-step R T A process 
can be tried. Also the thickness of the layer can be reduced by decreasing the 
accelerating voltage of the M E V V A implantation and lowering the implant dose. 
89 
Bibliography 
1] S. p. Murarka, Silicides for VLSI Application. Academic Press, 1983. 
2] J. R. Tucker, C. Wang, and T.-C. Shen, "Metal silicide patterning: a new 
approach to silicon nanoelectronics," Nanotechnology, vol. 7, pp. 275-287, 
1996. 
3] Y. H. Ku, S. K. Lee, and D. L. Kwong，"The application of ion beam 
mixing, doped silicide, and rapid thermal processing to self-aligned silicide 
technology," J. Electrochem. Soc., vol. 137, pp. 728—740，Feb. 1990. 
:4] R. W . Mann, L. A. Clevenger, P. D. Agnello, and F. R. White, "Silicides 
and local interconnections for high-performance VLSI applications," IBM 
J. RES. DEVELOP., vol. 39，pp. 403-417, July 1995. 
5] F. Nava, K. N. Tu, 0. Thomas, J. P. Senateur, R. Madar, A. Borghesi, 
G. Guizzetti, U. Gottlieb, 0. Laborde, and 0. Bisi, "Electrical and opti-
cal properties of silicide single crystals and thin films," Materials Science 
Reports, vol. 9, pp. 141-200, 1993. 
6] L. J. Chen and K. N. Tu, "Epitaxial growth of transition-metal silicides on 
silicon," Materials Science Reports, vol. 6, pp. 53-140, 1991. 
90 
'7] R. T. Tung, Handbook on Semiconductors Completely Revised Edition, 
ch. 25, pp. 1913—1996. Elsevier Science B. V., 3 ed., 1994. 
8] C. Kittel, Introduction to Solid State Physics, ch. 6, pp. 159—162. Wiley, 
7th ed., 1996. 
'9] P. B. Allen and W . H. Butle, "Electrical conduction in metals," Physics 
today, vol. 31, pp. 44—48, Dec. 1978. 
10] F. Nava, E. Mazzega, M . Michelini, 0. Laborde, 0. Thomas, J. P. Senateur, 
and R. Madar, "Analysis of the electrical resistivity of Ti, M o , Ta and W 
monocrystalline disilicides," J. Appl Phys., vol. 65, pp. 1584-1590, 15 Feb. 
1989. 
11] F. Nava, K. N. Tu, E. Mazzega, M . Michelini, and G. Queirolo, "Electrical 
transport properties of transition-metal disilicide films," J. AppL Phys., 
vol. 61, pp. 1085-1093, 1 Feb. 1987. 
12] T. Hirano and M . Kaise, "Electrical resistivities of single-crystalline 
transition-metal disilicides," J. Appl Phys., vol. 68, pp. 627-633, 15 July 
1990. 
13] A. E. White, K. T. Short, R. C. Dynes, J. P. Garno, and J. M . Gibson, 
"Mesotaxy: Single-crystal growth ofburied C0Si2 layers," Appl. Phys. Lett., 
vol. 50, pp. 95-97, 12 Jan. 1987. 
14] S. Mantl, "Ion beam synthesis of epitaxial silicides: fabrication, charac-
terization and applications," Materials Science Reports, vol. 8, pp. 1-95, 
1992. 
91 
15] E. Adler, J. K. DeBrosse, S. F. Geissler, S. J. Holmes, M . D. Jaffe, J. B. 
Johnson, C. W . Koburger, J. B. Lasky, B. Lloyd, G. L. Miles, J. S. Nakos, 
W . P. Noble, J. S. H. Voldman, M . Armacost, and R. Ferguson, "The 
evolution of I B M C M O S D R A M technology," IBM J. RES. DEVELOP., 
vol. 39, pp. 167-188, Jan/Mar 1995. 
16] L. Rubin, D. Hoffman, D. Ma, and N. Herbots, "Shallow-junction diode for-
mation by implantation of arsenic and boron through titanium-silicide films 
and rapid thermal annealing," IEEE Trans, on Electron Devices, vol. 37, 
pp. 183-190, Jan. 1990. 
17] D. Maury, J. L. Regolini, and P. Gayet, "Selective titanium silicide for 
industrial applications," Mat Res. Soc. Symp. Proc., vol. 402，pp. 283-294, 
1996. 
18] W . D. Bosscher, R. L. V. Meirhaeghe, W . H. Laflere, and F. Cardon, "Ti-
tanium silicide/p-Si Schottky barriers formed by rapid thermal processing 
in nitrogen," Solid-State Electronics, vol. 34, no. 8, pp. 827-834, 1991. 
19] H. B. Erzgraber, P. Zaumseil, E. Bugiel, R. Sorge, K. Tittelbach-Helmrich, 
F. Richter, D. Panknin, and M . Trapp, "Properties of the TiSi2/p^n struc-
tures formed by ion implantation through silicide and rapid thermal an-
nealing," J. Appl Phys., vol. 72, pp. 73-77, 1 July 1992. 
20] M . H. Juang and H. C. Cheng, "Formation of self-aligned TiSi2/p+ — n 
junctions by implanting BFj ions through thin Ti or SiO2 film on Si sub-
strate and rapid thermal annealing," Solid-State Electronics, vol. 35，no. 10， 
pp. 1529-1534, 1992. 
92 
21] J. A. V. Amorsolo, P. D. Funkenbusch, and A. M . Kadin, "A parametric 
study oftitanium silicide formation by rapid thermal processing," J. Mater. 
Res., vol. 11, pp. 412-421, 2 Feb. 1996. 
22] H. Jeon, C. A. Sukow, J. W . Honeycutt, G. A. Rozgonyi, and R. J. Ne-
menich, "Morphology and phase stability of TiSi2 on Si," J. Appl Phys., 
vol. 71, pp. 4269-4276, 1 May 1992. 
23] J. C. Cabral, L. A. Clevenger, J. M . E. Harper, F. M . d'Heurle, R. A. Roy, 
C. Lavoie, K. L. Saenger, G. L. Miles, R. W . Mann, and J. S. Nakos, "Low 
temperature formation of C54-TiSi2 using titanium alloys," Appl. Phys. 
Lett, vol. 71，pp. 3531-3533, 15 Dec. 1997. 
24] L. A. Clevenger, R. W . Mann, R. A. Roy, K. L. Saenger, J. C. Cabral, and 
J. Piccirillo, "Study of C49-TiSi2 and C54-TiSi2 formation on doped poly-
crystalline silicon using in situ resistance measurements during annealing," 
J. Appl Phys., vol. 76, pp. 7874-7881, 15 Dec. 1994. 
25] R. V. Nagabushnam, S. sharan, G. sandhu, V. R. Rakesh, R. K. Singh, and 
P. Tiwari, "Kinetics and mechanism of the C49 to C54 titanium disilicide 
phase transformation in nitrogen ambient," Mat. Res. Soc. Symp. Proc., 
vol. 402, pp. 113-118, 1996. 
26] L. A. Clevenger, J. M . E. Harper, J. C. Cabral, C. Nobili, G. Ottaviani, 
and R. W . Mann, "Kinetic analysis of C49-TiSi2 and C54-TiSi2 formation 
and rapid thermal annealing rates," J. Appl Phys., vol. 61，pp. 540-544, 
15 Jan. 1987. 
93 
'27] Z. M a and L. H. Allen, “Kinetic mechanisms of the C49-to-C54 polymor-
phic transformation in titanium disilicide thin films: A microstructure-
scaled nucleation-mode transition," Phys. Rev. B, vol. 49, pp. 13501-13511, 
15 May 1994. 
'28] F. Nava, A. D'Amico, and A. Bearzotti, "Phase transformations induced 
by rapid thermal annealing in Ti-Si and W-Si alloys," J. Vac. Sci Technol. 
A, vol. 7, pp. 3023-3029, Sep/Oct 1989. 
29] R. D. Thompson, H. Takai, P. A. Psaras, and K. N. Tu, "Effect of a sub-
strate on the phase transformations of amorphous TiSi2 thin films," J. Appl 
Phys., vol. 61, pp. 540-544, 15 Jan. 1987. 
30] Y. Matsubara, T. Horiuchi, and K. Okumura, "Activation energy for the 
C49-to-C54 phase transition of polycrystalline TiSi2 films with arsenic im-
purities," Appl Phys. Lett, vol. 73, pp. 2634-2636, 24 May 1993. 
31] R. Beyers and R. Sinclair, "Metastable phase formation in titanium-silicon 
thin films," J. Appl Phys., vol. 57, pp. 5240-5245, 15 June 1985. 
32] L. H. Allen, G. Ramanath, S. L. Lai, Z. Ma, S. Lee, D. D. J. Allman, 
and K. P. Fuchs, "1000000°C/s thin film electrical heater: In Situ resis-
tivity measurements of A1 and Ti/Si thin films during ultra rapid thermal 
annealing," Appl. Phys. Lett, vol. 64，pp. 417-419, 24 Jan. 1994. 
[33] R. W . Mann, L. A. Clevenger, and Q. Z. Hong, "The C49 to C54-TiSi2 
transformation in self-aligned silicide applications," J. Appl Phys., vol. 73, 
pp. 3566-3568, 1 Apr. 1993. 
94 
34] P. C. Chen, J. Y . Lin, and H. L. Hwang, “A study of titanium silicide forma-
tion by multiple arsenic-ion-implantation," Solid-State Electronics, vol. 36, 
no. 5, pp. 705-709, 1993. 
35] 1. V.Gusev, V. I. Chapljuk, and V. P. Belevsky, "Formation of titanium 
silicides by titanium deposition onto silicon with simultaneous self-ion bom-
bardment," Thin Solid Film, vol. 278, pp. 57-60, 1996. 
36] D. Maury, M . L. Rostoll, P. Gayet, and J. L. Regolini, "Chemical vapor 
depostion 0fTiSi2 using an industrial integrated cluster tool," J. Vac. Sci. 
Technol. B, vol. 15, pp. 133-137, Jan/Feb 1997. 
37] J. A. Kittl, D. A. Prinslow, P. P. Apte, and M . F. Pas, "Kinetics and 
nuclearation model of the C49 to C54 phase transformation in TiSi2 thin 
films on deep-sub-micron n+ type polycrystalline silcon lines," Appl Phys. 
Lett, vol. 67, pp. 2308-2310, 16 Oct. 1995. 
38] K. L. Saenger, J. C. Cabral, L. A. Clevenger, R. A. Roy, and S. Wind, "A 
kinetic study of the C49 to C54 TiSi2 conversion using electrical resistivity 
measurements on single narrow lines," J. Appl Phys., vol. 78, pp. 7040-
7044, 15 Dec. 1995. 
39] B. Z. Li, A. M . Zhang, G. B. Jiang, R. G. Aitken, and K. Daneshvar, 
"Electrical resistivity and hall effect of TiSi2 thin films in the temperature 
range of 2 - 300 K," J. Appl. Phys., vol. 66, pp. 5416-5421, 1 Dec. 1989. 
40] V. Malhotra, T. L. Martin, and J. E. Mahan, "Electronic transport prop-
erties 0fTiSi2 thin films," J. Vac. Sci. Technol, vol. B2, pp. 10-15, Jan -
Mar 1984. 
95 
41] C. S. Wei, J. V. der Spiegel, and J. Santiago, "Electrical characteristics of 
fast radiatively processed titanium silicides thin films," J. Vac. Sci. Tech-
nol., vol. A3, pp. 2259-2263, Nov - Dec 1995. 
42] K. L. Saenger, J. C. Cabral，L. A. Clevenger, and R. A. Roy, "Investigation 
oftitanium silicide formation in Ti+Si reactions using infrared spectroscopy 
and x-ray diffraction," J. Appl. Phys., vol. 77, pp. 5156-5159, 15 May 1995. 
43] R. J. Nemanich, R. T. Fulks, B. L. Stafford, and H. A. V. Plas, "Initial 
reactions and silicide formation of titanium on silicon studied by Raman 
spectroscopy," J. Vac. Sci. Technol. ^, vol. 3, pp. 938-941, May/Jun 1985. 
44] L D. Wolf, D. J. Howard, A. Lauwers, K. Maex, and H. E. Maes, “Local 
identification and mapping of the C49 and C54 titanium phases in submi-
cron structures by micro-Raman spectroscopy," AppL Phys. Lett., vol. 70, 
pp. 2262-2264，28 Apr. 1997. 
45] 1. J. M . M . Raaijmakers, A. H. Reader, and H. J. W . van Houtum, "Nu-
cleation and growth of titanium silicide studied by in situ annealing in a 
transmission electron microscope," J. Appl Phys., vol. 61, pp. 2527-2532, 
1 Apr. 1987. 
46] A. W . Stephenson and M . E. Welland, "Scanning tunneling microscope 
crystallography of titanium silicide on si(100) substrates," J. Appl Phys., 
vol. 77, pp. 563-571, 15 Jan. 1995. 
47] P. Madakson, G. J. Clark, F. K. Legoues, F. M . d'Heurle, and J. E. E. 
Baglin, "Formation of buried TiSi2 layers in single crystal silicon by ion 
implantion," Mat. Res. Soc. Symp. proc, vol. 107, pp. 281-285, 1988. 
96 
48] D. H. Zhu, K. Kao, F. Pan, and B. X. Liu, "C54-TiSi2 formed by direct 
high current ti-ion implantation," Appl Phys. Lett, vol. 62, pp. 2356-2358, 
10 May 1993. 
•49] D. H. Zhu and B. X. Liu, "Formation of Ti silicides by metal-vapor vacuum 
arc ion source implantation," J. Appl Phys., vol. 77, pp. 6257-6262, 15 June 
1995. 
50] I. G. Brown, J. E. Galvin, and R. A. MacGill, "High current ion source," 
Appl Phys. Lett, vol. 47, pp. 358—360, 15 Aug. 1985. 
51] 1. G. Brown, "The metal vapor vacuum arc ( M E V V A ) high current ion 
source," IEEE Trans. Nucl. Sci., vol. NS-32, pp. 1723-1727, 5 Oct. 1985. 
52] 1. G. Brown, "On the current intensity limit of a vacuum-arc ion source," 
IEEE Trans. Plasma ScL, vol. PS-15, pp. 346-350, Aug. 1987. 
•53] I. G. Brown, J. E. Galvin, R. Keller, R Spadtke, R. W . Miiller, and J.Bolle, 
"Transport and acceleration of high current uranium ion beams," Nucl. 
Instrum. and Meth. in Phys. Res. A, vol. 245, pp. 217-222, 1986. 
54] I. G. Brown, J. E. Galvin, R. A. MacGill, and F. J. Paoloni, "Broad-beam 
multi-ampere metal ion source," Rev. Sci. Instrum.、vol. 61，pp. 577-579, 
Jan. 1990. 
55] R. A. MacGill, I. G. Brown, and J. E. Galvin, “Some novel design features 
of the lbl metal vapor vacuum arc ion sources," Rev. Sci. Instrum., vol. 61, 
pp. 580—582, Jan. 1990. 
97 
56] J. E. Galvin, I. G. Brown, and R. A. MacGill, “Charge state distribution 
studies of the metal vapor vacuum arc ion source," Rev. Sci. Instrum., 
vol. 61，pp. 583-585, Jan. 1990. 
57] I. G. Brown, B. Feinberg, and J. E. Galvin, "Multiply stripped ion genera-
tion in the metal vapor vacuum arc," J. AppL Phys., vol. 63, pp. 4889-4898, 
15 May 1988. 
'58] J. Sasaki and 1. G. Brown, "Ion spectra of the metal vapor vacuum arc 
ion source with compound and alloy cathodes," Rev. Sci. Instrum., vol. 61, 
pp. 586-588, Jan. 1990. 
59] H. Shiraishi and 1. G. Brown, "Operational characteristics of a metal vapor 
vacuum arc ion source," Rev. Sci. Instrum., voL 61，pp. 589-591, Jan. 1990. 
60] I. G. Brown, J. E. Galvin, B. F. Galvin, and R. A. MacGill, "Metal vapor 
vacuum arc ion source," Rev. Sci. Instrum., vol. 57，pp. 1069-1083, June 
1986. 
61] I. G. Brown and X. Godechot, "Vacuum arc ion charge-state distributions," 
IEEE Transactions on plasma science, voL 10, pp. 713-717, Oct. 1991. 
62] H. Zhang, X. Zhang, F. Zhou, S. Zhang, and Z. Han, "High-current metal-
ion source for ion implantation," Rev. Sci. Instrum., vol. 61, pp. 574-576, 
Jan. 1990. 
63] B. L. Gehman, G. D. Magmison, J. F. Tooker, J. R. Treglio, and J. P. 
Williams, "Current industrial practices - technical note: high throughput 
98 
metal-ion implantation system," surface and coating Technology, vol. 41, 
pp. 389-398, 1990. 
64] J. R. Treglio, G. D. Magnuson, and R. J. Stinner, "Performance of the 
advanced M E V V A IV 80-10 metal ion implantation system," surface and 
coating Technology, vol. 51, pp. 546-550, 1992. 
65] B. Sun, shangbin Hu, Q. Chen, and Y. Shui, "Development of M E V V A ion 
source," Rev. Sci. Instrum., vol. 65, pp. 1266-1268, Apr. 1994. 
66] F. S. Zhou, X. Y. W u , F. Zhou, H. X. Zhang, and X. J. Zhang, "Mea-
surement of some parameter on M E V V A ion source," Rev. Sci. Instrum., 
vol. 65, pp. 1263-1265, Apr. 1994. 
67] B. Sun and H. Xiang, "Studies on M E V V A ion source," Rev. ScL Instrum., 
vol. 69, pp. 816-818, Feb. 1998. 
68] H. Zhang, X. Zhang, F. Zhou, S. Zhang, Q. Li, and Z. Han, "The Beijing 
metal vapor vacuum arc ion source program," Rev. Sci. Instrum., vol. 65, 
pp. 3088-3090, Oct. 1994. 
69] J. P. Biersack and L. G. Haggmark, "A Monte Carlo computer program 
for the transport of energetic ion in amorphous targets," Nucl. Instr. and 
Meth, vol. 173, pp. 257-269, 1980. 
70] J. F. Ziegler, J. P. Biersack, and U. Littmark, The stopping and range of 
ions in solids, vol. 1 of Stopping and ranges of ions in matter. Pergamon, 
New York, 1985. 
99 
71] J. F. Ziegler, TRIM - The TRansport of Ions in Matter. IBM-Research, 
28-0 Yorktown, N Y 10598, USA, 25 Oct. 1994. 
72] van der Pauw, “A method of measuring specific resistivity and hall effect 
of discs of arbitrary shape," Philips Res. Repts., no. 13，pp. 1—9, 1958. 
73] D. C. Look, Electrical Characterization of GaAs Materials and Devices, 
ch. 1. Design and Measurement in Electronic Engineering, Wiley, 1989. 
74] Bio-Rad Laboratories Inc., HL5500PC Hall Effect Measurement System Op-
erating Manual, 1 ed., Apr. 1994. 
75] B. D. Cullity, Elements of X-ray Diffraction. Addison-Wesley Series in 
Metallurgy and Materials, Addison-Wesley publishing Co. Inc., 2nd ed., 
1978. 
76] L. R. Doolittle, "Algorithms for the rapid simulation of rutherford backscat-
tering spectra," Nucl. Instr, and Meth. in Phys. Res. B, vol. 9, pp. 344-351, 
1985. 
77] J. R. Tesmer and M . Nastasi, Handbook of modern ion beam materials 
analysis. Materials Research Society, Pittsburgh, 1995. 
78] W.-K. Chu, J. W . Mayer, and M . A. Nicolet, Backscattering spectrometry. 
New York: Academic Press, 1978. 
79] L. C. Feldman and J. W . Mayer, Fundamentals of surface and thin film 
analysis. North-Holland, New York, 1986. 
100 
80] M . Nastasi, J. W . Mayer, and J. K. Hirvonen, Ion-solid interactions: funda-
mentals and applications. Cambridge solid state science series, New York: 
Cambridge University Press, 1996. 
81] P. B. Hirsch, A. Howie, R. B. Nicholson, D. W . Pashley, and M . J. Whelan, 
Electron Microscopy of Thin Crystals. Washington: Butterworths, 1965. 
82] K. N. Tu and R. Rosenberg, Analytical techniques for thin films, vol. 27 of 
Treatise on materials science and technology, ch. 7, pp. 251-295. Boston: 
Academic Press, 1988. 
83] R. J. Kasica and E. J. Cotts, "The enthalpy of formation of thin film tita-
nium disilicide," J. Appl Phys., vol. 82, pp. 1488-1490, 1 Aug. 1997. 
84] B. D. Yu, Y. Miyamoto, and 0. Sugino, "Favorable formation of the C49-
TiSi2 phase on Si(001) determined by first-principles calculations," Appl 
Phys. Lett, vol. 72, pp. 1176-1178, 9 Mar. 1998. 
101 
_ .• •,- •‘ ••'•.: - - . . . ." -- . .... . . • - . _ . _ . -^ :.'.(• ••-〜 -.....-•.,- -•..‘'. ....---”,•-:' . ..-, . • ••‘. • ..,.-...... •• -.-•-..,. '. ‘ . . •‘ .’ .，'• .t.- ".•. • •- - , * .‘. 。：> ^^ '>---:-:v:V^ '^ '''V'V-^ -:^ -.^ 5^ ':v..,; , . . : . .... .-•>. • ’- ’ ； . .•  . '• • •‘ ；.. . •;• •'•• •• •. . • , 
• . • .^, , 
: : • • • . . . ‘ , . . . , 
• . . • . . 
• . ... .. .. • . . . ... . 
• • • • • • , • • . • . ‘ 
. >.� 
� ‘ > • ‘ 
.�.. ‘ -
！ .. . .. 
— .：. ；• ‘ . . - • , . ,...:•. . . . . • . 
i:..:. . . ..'• • . • • 
: : ' : . , : . : : : : : . : : � � : � . : , : . :. , . . . . . : . 
! • _ . . 了 • • _ 
;:.../; ‘ ‘ I, . , . •. •, V^--<<-::,v-:-r.^--;:'-A'-:. '•••；'•• •,：'•••• N,.i'-..:. , . . .• -. , • . • - 、 -J’.）：” ‘ ‘ . ..... • . •• . . ‘ 
>.." '• ...'、.•:, •.'... >.... , ‘ I ‘ , ..1.. •. ； •. , , . •-,...... •. • • • • • , . .. . . . . ； '^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^g|^^^jg^gjggg^ggj^gggji|^jg|^gggj|^ 
CUHK L i b r a r i e s 
ll_lllll__lll 
DD37E33bfl 
